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Zusammenfassung

Zusammenfassung

Untersuchungen zum anaeroben Abbau von Kohlenwasserstoffen durch Mikroorganismen
bieten Potential zur Entdeckung neuartiger biochemischer Reaktionswege, da hier Mechanis-
men zum Angriff auf die reaktionstragen C—H-Bindungen vorhanden sein miissen, die auch in
Abwesenheit von Luftsauerstoff ablaufen konnen.

In der vorliegenden Arbeit wurde die besondere Physiologie eines fakultativ anaeroben
Gammaproteobakteriums untersucht, das moglicherweise Stickstoffmonoxid (NO) aus der
Nitratreduktion direkt oder indirekt fiir die Alkanaktivierung nutzt. Stamm HAN1 wéchst ae-
rob und anaerob mit n-Alkanen. Der Stamm erwies sich insofern als ungewdhnlich, als dass er
fiir den anaeroben Abbau nicht die Aktivierungsreaktion mit Hilfe der weit verbreiteten Fuma-
rat-Addition, sondern einen bisher unbekannten Mechanismus verwendet. Eine weitere faszi-
nierende Eigenschaft dieses Stammes ist sein grofes n-Alkan-Substratspektrum (Ces-Cso);
tiblicherwiese weisen nur aerobe Alkanabbauer ein vergleichbar groes Spektrum auf.

Die Intermediate der Denitrifikation Nitrit (NO;, ), Stickstoffmonoxid (NO) und
Distickstoffoxid (N,O, Lachgas) weisen ein stark positives Redox-Potential auf. Es ist vor-
stellbar, dass sie bisher unbekannte Reaktionsmechanismen zur Funktionalisierung reaktions-
triger Verbindungen ermoglichen. Wéhrend langkettige Fettsduren oder Alkohole von Stamm
HdNT1 mit Nitrat (NO3 ), NO, oder N,O metabolisiert werden konnten, wurden Alkane nur
beim Wachstum mit NO3;™ oder NO, abgebaut. Interessanterweise konnen andere denitrifizie-
rende Alkanabbauer, welche Fumarat-Addition nutzen, mit Alkanen und N,O wachsen, wih-
rend dies flir Stamm HdAN1 nicht mdglich war. Es wurde angenommen, dass der Schritt im
Abbauweg, der nicht moglich ist, wenn nur N,O vorhanden ist, die anaerobe Alkan-
Aktivierungsreaktion ist.

HdN1 Kulturen mit Alkanen und N,O, zu denen kleine Mengen NO gegeben wurde, bil-
deten mehr Stickstoff (N,) als bei der Veratmung des NO alleine stochiometrisch entstehen
konnte. Die Funktionalisierung der Alkane mittels NO und anschlieBende Oxidation per N,O-
Reduktion (unter Entstehung von N,) stellen eine plausible Erkldrung fiir diesen Vorgang dar.

Bei Analysen von gelosten Gasen mittels Membran-Einlass Massenspektrometrie
(MIMS) in einer aktiv mit Alkanen wachsenden HAN1 Kultur stieg nach Zugabe von "N-
markiertem Nitrit iiberraschend die Sauerstoff-Konzentration an. AuBBerdem bildete sich mar-
kiertes N,, obwohl durch zugegebenes Acetylen die N,O-Reduktase gehemmt wurde. Die

Dismutation von NO zu N, und O,, die bei der anaerob methanotrophen Art, Candidatus Me-
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Zusammenfassung

thylomirabilis oxyfera’ gefunden wurde, bote eine elegante Erklérung fiir diese erstaunlichen
Befunde. Demnach wiirde in HAN1-Zellen ein kleiner Anteil des NO nicht als Elektronenak-
zeptor in der Denitrifikation verwendet, sondern dismutiert. Das entstehende O, konnte fiir
die Alkan-Aktivierung mit Monooxygenasen genutzt werden. Weitere Erkldrungsmodelle, die
nicht auf Dismutation und Oxygenasen beruhen sind jedoch ebenfalls denkbar.

Bei Etherextraktionen zur Untersuchung von Metaboliten der Alkanoxidation wurden
ausschlieflich in aerob, nicht aber in anaerob gewachsenen HdN1 Zellen die priméren Alko-
hole der langkettigen Alkane (als Primérprodukte der aeroben Alkan Oxidation mittels Mo-
nooxygenasen) gefunden. Allerdings waren bei fritheren Arbeiten mit Stamm HdAN1 auch in
anaerober Kulturen solche Alkohole detektiert worden. Dieser vermeintliche Widerspruch
konnte im Verlauf dieser Arbeit aufgeklart werden, als die Bildung langkettiger Wachsester in
HdANT1 Zellen detektiert wurde. Diese waren anscheinend bei der damals verwendeten Pripara-
tion hydrolysiert und hatten so die primdren Alkohole und Fettsduren freigesetzt. Solche lang-
kettigen Ester werden oft von Bakterien bei aerobem Wachstum auf Alkanen gebildet. Dies
deutet wiederum auf einen anaeroben Abbauweg hin, der dem aeroben dhnlich ist.

Vergleichende Genomik mit den unverwandten Arten HAN1 und Ca. M. oxyfera erlaub-
te die Identifizierung von Proteinen mit {iberraschend groBer Ahnlichkeit und einer phyloge-
netischen Sonderstellung, was auf eine gemeinsame, spezialisierte Funktion dieser Proteine in
beiden Organismen hindeuten konnten. Die NO-Reduktasen (Nor) von HAN1 (Gen-Locus
HANIF 02620) und Ca. M. oxyfera (Gen-Locus DAMO 2434, DAMO 2437) weisen diesel-
ben Modifikationen bei konservierten Aminosduren im aktiven Zentrum, an der moglichen
Ubiquinol-Bindestelle und im Protonenkanal auf, die als Anpassungen an eine mdgliche (bei
HdN1 zusitzliche) Funktion als NO-Dismutase interpretiert werden konnen. Die Gene waren
in Ca. M. oxyfera sehr hoch exprimiert und wurden beim anaeroben Wachstum von Stamm
HdANT1 mit Alkanen mittels Proteomik identifiziert. In den Genomen fand sich benachbart zu
den putativen Dismutasen jeweils die Sequenz eines Regulators. Dieser wies strukturelle Ahn-
lichkeit mit einem Sauerstoffsensor auf, was auf eine mogliche Regulation dieser Enzyme
abhédngig von der Sauerstoff-Konzentration hindeuten konnte. Die proteomische Detektion
von Monooxygenasen in anaerob mit Alkanen gewachsenen Zellen war im Einklang mit ei-
nem moglichen neuartigen anaeroben Alkanaktivierungweg mittels NO-Dismutation.

In der vorliegenden Arbeit wurde das Wissen iiber die einzigartige Physiologie von
Stamm HdAN1 vertieft und die Grundlage zur moglichen Aufklarung des neuartigen anaeroben

Abbauweges fiir n-Alkane gelegt.
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Summary

Summary

Investigations on anaerobic hydrocarbon degradation by microorganisms exhibit the
potential for discovery of novel biochemical reaction pathways, since mechanisms to attack
the inert C—H bonds must exist here that can be performed without oxygen from air.

In the present work the special physiology of a facultative anaerobe Gammaproteobac-
terium, which possibly employs nitric oxide (NO) from nitrate reduction directly or indirectly
for the anaerobic activation of alkanes was investigated. Strain HAN1 grows aerobically and
anaerobically with n-alkanes. The strain was found to be unusual in that it did not utilize the
prevalent activation reaction for n-alkanes by addition to fumarate during anaerobic growth,
but instead a so far uncharted mechanism. Another intriguing characteristic of this strain is the
rather broad n-alkane substrate spectrum (Cs—Cs); usually only aerobic n-alkane degrading
microorganisms exhibit comparably broad spectra of utilized n-alkanes.

The denitrification intermediates nitrite (NO; ), nitric oxide (NO) and nitrous oxide
(N0, laughing gas) have a highly positive redox potential. It is conceivable, that they enable
so far unknown reaction mechanisms for the functionalization of inert compounds. While
strain HAN1 is able to metabolize long chain fatty acids and alcohols using nitrate (NOs ),
NO; and N,O as electron acceptors, n-alkanes are only degraded during growth with NO;~
and NO, but not with N,O. Interestingly, other denitrifying alkane degrading strains, which
employ fumarate addition, are able to utilize n-alkanes during growth via N,O-respiration. It
was assumed that the step in the degradation pathway which is impossible if only N,O is pre-
sent is the anaerobic alkane activation reaction.

When small amounts of NO were added to HIN1 cultures with alkanes and N,O, more
nitrogen gas (N,) was produced than could be accounted for by the stoichiometric respiration
of NO alone. Functionalization of the alkanes with NO and subsequent oxidation via N,O-
reduction (producing additional N;) could explain this observation.

During membrane inlet mass spectrometric (MIMS) analysis of dissolved gases in an
actively growing, n-alkane degrading HAN1 culture, the oxygen concentration increased sur-
prisingly after injection of '’N-labelled nitrite. In addition labeled N, was produced, although
the N,O reductase was inhibited by acetylene. The dismutation of NO into N, and O,, has
recently been shown to be employed by the anaerobic methanotroph ‘Candidatus Methy-
lomirabilis oxyfera’ and would offer an elegant explanation for these astonishing results.

Thus, instead of serving as electron acceptor during denitrification, a small fraction of the NO
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Summary

would be dismutated. The produced oxygen could be used for alkane activation with
monooxygenases. However, explanatory models not involving on NO-dismutation and oxy-
genases are also conceivable.

During ether extractions for analysis of metabolites from alkane oxidation, alcohols of
long-chain alkanes (as primary products of aerobic oxidation of alkanes by monooxygenases)
were only detected in cells grown aerobically but not anaerobically. However, in earlier inves-
tigations with strain HAN1 such alcohols had been detected in alkane- as well as in fatty acid-
grown cells from anaerobic cultures. This reputed contradiction could be explained during the
course of this stuy, when unknown GC peaks were identified as long-chain wax esters. These
apparently hydrolyzed during the first step of the preparation applied at that time, which must
have released the primary alcohols and fatty acids. Such long-chain esters are often formed by
bacteria during aerobic growth with alkanes. This in turn hints on an anaerobic degradation
pathway which is somewhat similar to the aerobic one.

Comparative genomics with the two unrelated bacterial species HAN1 and Ca. M.
oxyfera enabled the identification of proteins with a surprisingly high degree of similarity and
a distinct phylogenetic affiliation suggesting a shared specialized function of these proteins in
both organisms. The NO-reductases (Nor) in strain HIN1 (gene locus tag HIN1F 02620) and
Ca. M. Oxyfera (gene locus tags DAMO 2424, DAMO_2437) exhibit the same modifications
in conserved amino acids of the active center, the possible ubiquinole-binding site and the
proton channel, which could be interpreted as adaptations to a possible (in HAN1 additional)
function as NO-dismutase. These genes were very highly expressed in Ca. M. oxyfera and
were also identified via proteomic analysis in strain HAN1 during anaerobic growth with al-
kanes. The gene sequence of a regulatory protein was identified in close proximity to the pu-
tative dismutases in both genomes. This regulator showed structural similarities with a oxy-
gen-sensor protein and thus provides a first hint towards a possible regulation of these
enzymes dependent on oxygen concentrations. The proteomic detection of monooxygenases
in cells of HAN1 grown anaerobically with alkanes was in accordance with a possible novel
pathway for alkane activation via NO-dismutation.

In the present thesis, knowledge on the unique physiology of strain HIN1 was widened
and the foundations for a possible elucidation of the novel anaerobic pathway for degradation

of n-alkanes were laid.
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Introduction

A Introduction

A.1 Introduction: Alkanes in chemistry and biology

A.1.1 Significance of alkanes and alkane degrading microorganisms

Alkanes are the simplest organic compounds, prevalent throughout the world. Global interest
in alkanes is due to their chemical potential as compact energy source e.g. for combustion
engines and as fundamental raw material for the synthesis of a vast array of industrial prod-

ucts. Both roles assign a high total economic value to alkanes as trading commodities.

Methane (CH4) — the smallest alkane — from natural gas (and biogas) is mainly used for
heating and cooking purposes but also for production of electricity via gas turbines and in-
creasingly as fuel for transportation. The short chain alkanes propane (Cs;Hg) and butane
(C4Ho) can be used e.g. in gas stoves or as propellant gas in aerosol sprays. Short- to me-
dium-chain alkanes in the range of pentane (CsH;,) to octane (CsH;g) are mainly used as gaso-
line fuels, but also as organic solvents. Medium- to long-chain alkanes from nonane (CoHzo)
to hexadecane (C;¢Hs34) are contents of diesel and aviation fuel (kerosene). n-Alkanes with
carbon-chains longer than heptadecane (C;7Hj3¢) are solid at 25°C and can be utilized as can-
dle wax (paraffin) and lubricating oil. Longer alkanes can be used as bitumen for road con-

struction (Vollhardt, 1990).

Scientific interest in microorganisms that degrade all kinds of hydrocarbons is in general
focused on their metabolic capabilities and consequences of their activities. In the last decades
scientific spotlight was not only on their major significance in bioremediation (Atlas, 1981;
Prince, 1993) as a desired process, but also on their role in deterioration of transported and
stored petroleum derivatives (Yemashova et al., 2007) as an unwanted process causing con-
siderable financial damage. Especially sulfate reducing bacteria (SRB) which degrade petro-
leum hydrocarbons (especially the less inert alkanes) are troublesome for the oil industry,
since they increase corrosion of pipelines and other equipment and reduce the petroleum qual-
ity due to the formation of hydrogen sulfide. In contrast, methanogenic synthrophic communi-
ties degrading crude oil can be utilized for microbial enhanced oil recovery (Banat, 1995).
Furthermore, the abundance of hydrocarbon utilizing microorganisms in marine environments
can hint on natural petroleum seepage as a geographical indicator for potentially accessible oil
reservoirs (Hubert and Judd, 2010). Of all hydrocarbon degraders, especially alkane degrad-

ing bacteria are studied due to their abilities for directed specific alkane functionalization re-
1



Introduction

actions with enzymes that might be applicable in biotechnological production of value-added
fine and bulk chemicals (Lopez-Cortéz et al., 2010). Some species even release metabolites
like surfactants (as surface active compounds) with potential industrial applications into the

growth medium (Ochsner et al., 1996).

A.1.2 Physicochemical properties of alkanes, alkenes and alkynes

Alkanes are either aliphatic (linear with a substituted or nonsubstituted chain) or naphthenic
(non-aromatic ring) compounds and as all hydrocarbons made up only of carbon and hydro-
gen. n-Alkanes are linear (n = normal) and not branched and have the sum-formula C,Hauso.
The range of carbon chains in this homologous series starts with one C in methane (CHy) as
the simplest alkane and has in principle no upper limit. Synthetic molecules like polyethylene
which essentially represent extremely long alkanes can have several hundred thousand C-
atoms in one molecule (Whiteley et al., 2005; Wilkes and Schwarzbauer, 2010). n-Alkanes
are gaseous from CHy4 (methane) to C4Hjo (butane), liquid from CsHj, (pentane) to C;7Hse
(heptadecane) and solid > C;gH3s (octadecane) at 25°C and ambient pressure (101.325 kPa).
The difference in the electronegativities (Pauling’s) of hydrogen (2.10) and carbon (2.55) is
small; thus the C—C and the C—H bonds are non-polar leading to a hydrophobic molecule.
Accordingly, solubility in water is low (e.g. 1.42 mmol "' for methane) and decreasing rap-
idly with increasing chain length (e.g. ~0.6 pmol 1" for n-tetradecane; Lide, 1998-1999). In
the energetically most favorable conformation of n-alkanes, the carbon backbone is shaped

like a zig-zag line (Fig. 1).

A H HH HH HH HH HH HH H

AT \S A\§ A\§ A\§ A\§ ¢
N e N TN N N N NN
B

J

Fig. 1. Structure of n-tetradecane (C;4H;() consisting of carbon (black) and hydrogen (grey/white) atoms. (A)
Natta projection with emphasized carbon chain. (B) Ball and stick model (source: www.wikipedia.org).
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Alkanes feature only covalent bonds, in which a pair of electrons is shared by both atoms. In
saturated alkanes only o-bonds exist, which are formed of overlapping sp’ hybridized atom
orbitals. The sp’ hybridization of carbon atoms results in four single bonds with the typical
tetrahedral architecture and a uniform length of about 110 pm (for structures of simple satu-
rated and unsaturated alkanes see Fig. 2). Rotation is relatively unrestricted around these
sigma bonds, leading to an infinite number of alkane rotamers. Double and triple bonds of
alkenes and alkynes do not allow free rotation. They are formed of overlapping nonhybridized
p orbitals and thus termed z-bonds. Electrons are delocalized in z-bonds. The simplest alkenes
and alkynes are ethene and ethyne, respectively. The length of their C—C double and triple
bonds is 134 pm and 120 pm. In general, the angle at the sp’ hybridized C atoms of double
bonds is 120° and the angle at the sp hybridized C atoms of triple bonds is 180°.

154 pm 134 pm 120 pm

> > >

H . H H H H
moem N, N N/
“C—— C

CIIIIIlnH C,' :C H_CEC_R
H O\ / | “r / A\
H H o H 120° R 180°

M @ ©) )

Fig. 2. Structures of saturated and unsaturated aliphatic hydrocarbons; (1) methane CH,4, exhibiting the well-
known tetrahedron architecture; (2) ethane C,Hg or a longer chain alkane; (3) ethene (= ethylene) C,H,4 or a
longer chain terminal alkene; (4) ethyne (= acetylene) C,H, or a longer chain terminal alkyne. Lengths and an-
gles of covalent bonds for R = H are indicated. Adapted from Wilkes and Schwarzbauer (2010). R = H or alkyl
residue.

The chemical reactivity of organic molecules is dictated by the nature of the intra-
molecular bonds. The bond strength is dependent on the distance between the C atoms and
expressed as bond dissociation energy (AH®). The small difference in electronegativities (see
above) makes C—H and saturated C—C bonds quite unreactive or inert. The AH® is higher in
C-H than in C-C bonds. For example a C—H bond at a terminal carbon in propane (Cs;Hs)
exhibits a AH® of 410 kJ mol™' while a C—C bond in this compound has a AH° of only 364 kJ
mol ™' (Vollhardt, 1990). The reason, why C—H bonds and not C—C bonds are attacked for ac-
tivation of alkanes is probably due to steric hindrance (Beyer and Walter, 1988). The hydro-
gen atoms attached to the central carbon chain (compare Fig. 1 B) sterically prevent an attack.
In the dark, at room temperatures alkanes are practically inert against oxygen, acids, alkali
metals or halogens (apart from fluor). Only super acids are able to react with hydrocarbons.

The strongest known super acid FSOsH-SbFs was named “magic acid”, since it can dissolve

3



Introduction

paraffins. (Christen and Vogtle, 1985). In general only (free) radical species (atoms or mole-
cules with single, unpaired electrons) can overcome the sluggishness of the C—H bonds of
hydrocarbons. Such radical-reactions enable homolytic cleavage, thus leaving one electron
with each of the two separated atoms. The required energy for homolytic bond dissociation is
related to the stability of the resulting alky radical. The stability of the radical increases with
the order of the carbon atom at which it is located. Thus, since they require less activation
energy, radical catalyzed addition reactions in alkanes are more likely to occur at a subtermi-
nal (AH° ~ 395 kJ mol™) than at a terminal (AH° =~ 410 kJ mol™) carbon (Wilkes and
Schwarzbauer, 2010). Still, under aerobic conditions with oxygen as a high-energy co-
substrate, oxidation by most monooxygenases takes place at the terminal carbon (in the case
of terminal monooxygenases). The agent in monooxygenases responsible for the directed ac-
tivation of a C—H bond is a transition metal complex. Such complexes are especially suitable
for this task, because the energy level of their outermost atomic orbitals is similar to the one
found in the o-orbitals of the C—H bonds. Although the alkane g-orbitals are difficult to ac-
cess, overlap is possible due to the extensive hybrid orbitals of the transition metal complexes

(Saillard, 1990).

Alkenes and alkynes exhibit a higher reactivity than saturated compounds (structures see
Fig. 2). This is due to characteristics of the o-bonds and not due to the strength of the double
or triple C—C bond (AH° =~ 724 kJ mol ™" in alkenes and AHP° ~ 837 kJ mol " in alkynes), which
is quite high, since the combination of - and #-bonds in these molecules make them more
stable than the o-bond alone. The weaker of the two is the z-bond (Vollhardt, 1990). The over-
lapping 7m-orbitals represent areas of elevated electron density and thus are prone to act as nu-
cleophiles in chemical reactions (i.e. in electrophilic additions). The availability of the loosely
held 7-electrons makes alkenes so reactive. Partial oxidation of alkenes by catalytic addition
of oxygen yields epoxides. The substituted ring structure can be opened via acid-catalyzed
hydrolysis leading to trans-diols. Other possible reactions of alkenes include hydratation and
hydrogenation as well as polymerization reactions. The triple bond of alkynes is less reactive
than the double bond of alkenes towards electrophilic agents. Appart from addition reactions,
alkynes also act as H donors. This acidic property is due to the fact that electrons from the

broken covalent bond can be retained at the ethylenyl radical.
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A.1.3 Abundance of alkanes

The largest occurrences of alkanes on earth are deposits of petroleum and methane. Petroleum
is made up mainly (> 50%) of alkanes (n-alkanes, branched alkanes and cyclic alkanes), the
residual fraction consists mainly of aromatics (Tissot and Welte, 1984). Natural gas consists
mainly of methane, but also of ethane and other short-chain alkanes. Conservative estimations
of reserves of crude oil and natural gas amount to 230 x 10° t and 210 x10'> m’ (BP statistical
review of world energy, June 2012). However, the largest amount of hydrocarbons is actually
not located in geological formations, but instead in terrestrial and marine sediments in the
form of bound methane as gas hydrates — crystalline structures where one molecule of gas is
surrounded by a ‘cage’ of H,O molecules. Twice as much methane carbon is estimated to be
located in such hydrates (or ‘clathrates’) compared to all known carbon deposits in fossil fuels
(i.e. coal, natural gas and oil; Kvenvolden, 1988). Methane and other simple alkanes including
ethane have even been detected (in undetermined amounts) on other planets and their moons

in our solar system (Niemann ef al., 2005) and even on comets (Mumma et al., 1996).

A.1.4 Formation of alkanes

Formation of crude oil and gas from buried organic matter progresses over 5 to 100 mil-
lion years especially in marine sediments (Tissot and Welte, 1984). The maturation process
consists of two stages: diagenesis and catagenesis. During diagenesis (at < 50—60°C) buried
organic matter is degraded mostly due to microbial catabolism coupled to denitrification, sul-
fate reduction or methanogenesis. From this degradation and concomitant geological trans-
formations a complex organic mixture called kerogen is produced. Over time, this heteroge-
neous material is buried deeper and reaches zones of elevated temperatures (60—160°C) where
catagenesis occurs. Under these conditions bitumen (petroleum and asphalt) and later oil and
natural gas are formed due to reduction of double bonds, cracking and condensation reactions.
Especially radical catalyzed reactions are the reason, why petroleum contains hardly any al-
kenes or alkynes — the biogenic compounds with double or triple bonds are too reactive to
survive the diagenetic and catagenetic transformations (Wilkes and Schwarzbauer, 2010). If
temperature and pressure are sufficiently high, the organic matter is sterilized. It was sug-
gested, that such paleopasteurization (at > 80°C; Adams et al., 2006) is the reason why some
oil reservoirs are not biodegraded — even though they might have been lifted to zones of lower

temperature by now. At very high temperatures (>160°C) and pressures (deeper in the sedi-
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ment) formation of oil and gas is unlikely since the conversion of organic matter into CO,,
CH,4 and graphite are favored under these conditions (Tissot and Welte, 1984). The transfor-
mations occurring at these depths are termed metagenesis and are considered to be a very low-

grade metamorphism (Wilkes and Schwarzbauer, 2010).

Oil and gas, containing alkanes, are formed from organic matter particularly in sediment
basins (Tissot and Welte, 1984). Alkanes have existed on earth since geological times. In pas-
teurized deposits in the subsurface, petroleum and natural gas can be stable for millions of
years. The composition of hydrocarbons in such sterile reservoirs remains unaltered until they
are entered by microorganisms. However it is unclear, whether prokaryotes living in reser-
voirs are only introduced during oil exploration or also by natural processes without anthro-
pogenic involvement (Ollivier and Alazard, 2010). Deposits are explored and oil and gas is

‘produced’ (transferred to the surface) as energy sources for anthropogenic utilization.

During accidental spills like the notorious accidents of the Deepwater Horizon platform
in 2010 or the Exxon Valdez tanker in 1989 vast amounts of crude oil have entered the envi-
ronment (Fig. 3 A,B; Atlas and Hazen, 2011). Both events were entailed by very serious con-
sequences for the affected ecosystems as well as health and livelihood of the local human
population. Aerobic hydrocarbon degrading microorganisms discussed below are the key
players during bioremediation of such oil polluted environments (Prince, 1993; Swannel and

McDonagh, 1996).
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INDIAN

Fig. 3. Anthropogenic and natural input of hydrocarbons into the biosphere. (A) Satellite image of the Gulf of
Mexico during the Deepwater Horizon oil spill in May 2010, the inlet depicts the geographical location (source:
www.NASA.gov). (B) Aerial photograph of the Exxon Valdez tanker oil spill in the Prince William Sound of
Alaska (source: www.NOAA.gov). (C) Global distribution of natural seeps of crude oil (onshore and offshore)
which also may emit natural gas (source: Kvenvolden and Rogers, 2005). (D) Asphalt volcanoe in the Gulf of
Mexico (source: MARUM, Bremen).

However, crude oil from reservoirs on land (e.g. via mud-volcanoes) and in the sea (via
‘cold’ gas seeps and asphalt volcanoes, Fig. 3 C,D) is assumed to have entered the biosphere
by natural seepage ever since it was formed hundreds of million years ago (Wilson et al.
1974; Prince, 2002). Although anthropogenic activity involving oil and gas exploration, con-
version to fuels and transportation has significantly increased global influx (especially at sites
of accidents), the main source of hydrocarbons in the environment is synthesis by living or-

ganisms (Bragg et al., 1992).

Biological formation of the most abundant hydrocarbon methane is accomplished by
methanogenic archaea in anoxic environments, where more positive electronacceptors are
absent. It is estimated, that 1 x 10° t of biogenic methane is formed globally per year (Thauer,

1998). This could account for 70% of the total methane production (biotic and abiotic; Mcln-
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erney et al., 2010). Appropriate conditions for methanogenesis can be found in peat bogs and
marshlands, but also in the digestive tract of cellulose degrading ruminants and termites as
well as in anaerobic digesters of wastewater treatment plants. Alkanes with longer carbon
chains have been reported to be synthesized by various organisms including algae (Dennis
and Kolattukudy, 1992), higher plants (Tissot and Welte, 1984, Samuels et al., 2008), insects
(Tillman et al., 1999) and microorganisms (Birch and Bachofen, 1988; Hinrichs et al., 2006;
Wackett, 2010). Carbon numbers in biogenic alkanes exhibit a significant odd- over even pre-
dominance. This is due to decarbonylation (resulting in loss of a C;-unit) during the biosyn-
thetic pathway based on fatty aldehydes, which feature a natural predominance of even num-

bered carbon chains (e.g. Cheesbrough and Kolattukudy, 1984).

A.1.5 Why alkanes don’t accumulate in nature

The inert nature of crude oil and natural gas led to accumulation of alkane hydrocarbons
in geological formations over millions of years. In addition, biogenic formation adds up to the
amount of globally occurring alkanes. Only a small fraction of these alkanes are affected by
(abiotic) physicochemical attack leading to remineralization. In the absence of another sink
for alkanes (and other hydrocarbons), they would accumulate constantly adjacent to the sites
of production. The absence of ever-increasing amounts of alkanes is thus an obvious indicator
for biological degradation. This is supported by the postulate of 'microbial infallibility’ which
states that for every naturally occurring organic substance at least one type of microorganism
must exist with an enzyme system able to degrade it. A non-degradable biogenic substance
would have accumulated in the course of earth’s history (Alexander, 1965). While this postu-
late should encourage microbiologists trying to find and enrich microorganisms for the degra-
dation of natural compounds, it is a warning against release of inert non-biogenic (especially
xeonobiotic and toxic) compounds. The severe accumulation of plastic from anthropogenic
waste in the world oceans (UNEP, 2005) suggests that no microorganisms have yet evolved
which are able to degrade all the different kinds of polymeric substances discharged by the

civilized world.

Abiotic degradation of alkanes can be initiated by radicals produced from energy rich ra-
diation (e.g. Kaplan and Kelleher, 1971) or during combustion. In case of complete oxidation,
the only products are CO, and H,O. Microbial alkane degradation pathways are initiated by

functionalization reactions that involve breakage of the C—H bond either via radical species or
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activated enzyme centers. The employed mechanisms (and principles) of alkane activation
reactions in the presence and absence of oxygen (from air) will be discussed in the following

section.

A.2  Degradation of n-alkanes under oxic and anoxic conditions

A.2.1 Introduction to aerobic n-alkane degradation

As described above, alkanes are ubiquitous hydrocarbons from natural and anthropogenic
sources that are degradable by microorganisms. Investigations on biological alkane degrada-
tion began already a century ago (S6hngen, 1913). The ability to degrade alkanes is found in a
number of bacterial and yeast (unicellular fungus) species. Examples from often investigated
genera are bacterial species of Pseudomonas, Acinetobacter and Mycobacterium and yeast
species of Candida (Britton, 1984; Biihler and Schindler, 1984). From these studies it was
evident, that microorganisms can utilize alkanes (and other hydrocarbons) as energy rich
sources of carbon and electrons. For example, the energy content (AG®) per molecule (theo-
retically available by complete oxidation with O;) of methane (viz. natural gas) is ~820 kJ
mol ™', that of n-heptane (comparable to gasoline) is ~4760 kJ mol ™', and that of n-tetradecane

(comparable to diesel) is ~9310 kJ mol .

In general, transport of alkanes into the cell is assumed to be a passive process. Gaseous
n-alkanes are less hydrophobic than longer-chain n-alkanes and dissolve in water to a higher
content. They are assumed to pass the cell membranes by diffusion and can thus be activated
and further degraded within the lumen of the cell (Widdel and Grundmann, 2010). Liquid and
solid alkanes (with longer C—chains) are less diffusible in the aqueous phase, since their solu-
bility decreases rapidly with increasing chain length. They are assumed to partition in the cell
membrane and apparently also other hydrophobic compartments like neutral lipid inclusions
(Scott and Finnerty, 1976). From there they may diffuse to the active sites of activating en-

zymes.

Aerobic alkane degrading bacteria have found several strategies to increase the avail-
ability of their non-polar growth substrates. With insoluble alkane substrates some species
were found to live attached to the organic phase overlaying the aqueous medium (Grimaud,
2010; Abbasnezhad et al., 2011). This can be facilitated by the production of hydrophobic cell

surface structures (Wick et al., 2002). Other strains produce amphiphilic substances (surfac-
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tants) to increase solubility of the organic substrates (van Hamme et al., 2003; Perfumo,
2010). Anaerobic bacteria have so far only been described to live attached to the alkane phase,

but not to produce surfactants (Widdel and Grundmann, 2010).

A.2.2 Aerobic n-alkane activation reaction

The key step in n-alkane degradation pathways is the activation reaction. During activation an
inert C—H bond is broken and a polar group is added, so that the product can be further me-
tabolized. In general this process is accomplished by oxygenases. Several types of oxygenases
have been described (e.g. methane monooxygenases or alkane hydroxylases; for a review see
Ayala and Torres, 2004). The enzymatic strategy for aerobic alkane degrading microorgan-
isms for cleavage of a C—H bond always involves O, as a co-substrate. Dioxygen has a high
electronegativity (3.44) and consequentially a strong tendency to acquire electrons. Mostly
due to this trait, the half-reaction O,/H,O has a very positive redox potential and thus O; is a
strong chemical and biochemical oxidant. Due to the distribution of its two unpaired electrons
into two antibonding atomic orbitals, triplet oxygen (the ‘normal’ ground state) does not react
at room temperature with the majority of organic compounds at a timescale of years (Widdel
and Musat, 2010). A configuration of electrons as in singlet oxygen would be incompatible
with the existence of life and organic compounds on our oxic earth (Ingraham and Meyer,

1985; Davies, 2003).

Oxygenases usually contain metals (iron, copper) and introduce one or two oxygen at-
oms into their substrates (Fig. 4). The primary step is the reduction of metal-bound O, to the
peroxide level. For this process, two electrons need to be shuffled to the O, (in one electron
steps) from an electron donor like NADH. By a disproportionation-like electronic rearrange-
ment the metal bound O; is converted into a single metal bound oxygen atom, which attacks
the C—H bond of the alkane, finally yielding a hydroxyl-group (Widdel and Musat, 2010). The
second oxygen atom is reduced to water. The product of the activation reaction, the alkyl-

alcohol is further oxidized to an aldehyde and subsequently to a fatty acid (Fig. 4).

A dioxygenase, introducing a hydroperoxide into n-alkanes during the initial activation
reaction has also been suggested by Maeng and coworkers (1996) but results were questioned
later (Mehboob et al., 2009). The described initial aerobic n-alkane activation reaction results
in functionalization at a terminal or subterminal carbon (Britton, 1984). Activation at a differ-

ent position has not been described in the literatue.
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Fig. 4. Pathway for terminal oxidation of n-alkanes via monooxygenases and further degradation. The alkyl-
alcohol formed in the initial activation reaction is further oxidized by an alcohol and an aldehyde dehydrogenase.
The formed fatty acid can be completely oxidized via B-oxidation and the tricarboxylic acid cycle (TCA) to CO,
and H,O. Adapted from Widdel and Musat (2010).

The only available crystal structure of a long-chain alkane monooxygenase (Fig. 5; Li et
al., 2008) suggests that the substrate is coordinated transiently to a defined position at the
catalytic site of the enzyme to be oxidized after diffusing in through channels or cavities lined

by hydrophobic amino acids (compare Whittington et al., 2001).

Fig. 5. Structure of long-chain alkane
monooxygenase LadA from Geobacillus
thermodenitrificans NG80-2. The enzyme
was shown to hydroxylate n-alkanes from
CisHs, to Cs6H7y at the terminal carbon in the
presence of oxygen. Electrons are shuffled to
the active site of the enzyme by its coenzyme
flavin mononucleotide (FMN). Source: Li et
al., 2008.
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A.2.3 Introduction to anaerobic n-alkane degradation

In the course of the 20™ century, the existence of anaerobic hydrocarbon degradation was dis-
cussed controversially. It was a general belief that the activation of the inert C—H bond is im-
possible in the absence of melcular oxygen (McKenna and Kallio, 1965, Atlas, 1981). Already
in the 1940s, several microbiological laboratories had claimed, that they had observed an-
aerobic degradation of hydrocarbons by bacteria (e.g. Novelli and ZoBell, 1944; Rosenfeld,
1947). However, in some occasions these claims were doubted later (Atlas, 1981) or the re-

sponsible strains were not conserved, rendering verification impossible.

Microbial growth with n-alkanes is engergetically favorable coupled to reduction of the
most common terminal electron acceptors employed by microorganisms. For illustration, the
AG-values for oxidation of n-hexadecane as a model compound for long-chain alkanes are
depicted in Table 1. Thus, from a thermodynamic point of view, the anaerobic degradation of

n-alkanes was in principle expectable.

Table 1. Gibbs free energies for n-hexadecane (Ci¢H;4) oxidation coupled to selected electron acceptors at stan-
dard conditions (298.15 K) at pH = 7. Adapted from Mbadinga et al. (2011).

Electron Overall energetic equation AG® (kJ/mol AG* (kJ/mol
acceptor of CigHaq)? of CigHas)°
(ox/red)

02/H20°  CigHaq + 24.5 0 — 16 HCO3™ + HoO + 16 H” -9677.07 -10316.27
NO; /N2  CigHas + 32.66 NO; + 16.66 H* — 16 HCO3 + 16.33 N2 + 17.33 H,O  —12498.24 —-11832.41
ClOs/CIT  CigHas + 16.33 ClO3” — 16 HCO3™ + 16.33 CI™ + H,0 + 16 H" -11764.86 -12404.06
NO3 /N2  CigHas + 19.6 NO3™ + 3.6 H" — 16 HCO3™ + 9.8 N2 + 10.8 H,0 -9819.37 -9675.55
Fes'/Fes"  CigHaq + 98 Fe® + 48 H,O — 16 HCO3™ + 98 Fe** + 114 H* -5335.67 -9891.78
SO4*/HzS  CigHas + 12.25 SO4* + 8.5 H" — 16 HCO5™ + 12.25 HyS + H,0 -897.13 —557.55
;-'CCI;-I(zs CieHza + 11.25 HO — 3.75 HCO3™ + 12.25 CH, + 3.75 H' —204.15 —353.96

a AG®: standard Gibbs free energy: reactants and products at 1 M concentration and gases at a partial pressure
of 1 atm. Hexadecane (CigH34) was chosen as the model substrate for free energies calculations. Gibbs free
energy of formation for n-hexadecane in the liquid state was taken from Helgeson et al. (1998). For all other com-
pounds the data were taken from Thauer et al. (1977) and Hanselmann (1991). Methane, hydrogen, nitrogen and
oxygen are in the gaseous phase at partial pressures of 1 atm. All other compounds are in the aqueous phase.

b AG” =AG°+ m x 2.303 RT log 1077 (m is the net number of protons formed in the equation).

¢ The reaction with oxygen is shown for comparison.

In 1985, compelling but indirect evidence was presented of hydrocarbon degradation by
methanogenic enrichments (Schink, 1985). The first pure bacterial strain shown to degrade
hydrocarbons under strictly anoxic conditions was strain GS-15 which grew with toluene dur-
ing reduction of Fe™" (Loveley et al., 1989). As recently as 1991, anaerobic degradation of n-

alkanes was unambiguously shown for the first time with the mesophilic strain Desulfococcus
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oleovorans Hxd3, a sulfate-reducing Deltaproteobacterium which was isolated with n-
hexadecane (Aeckersberg, 1991). This strain coupled the reduction of sulfate to the complete
oxidation of the alkane (see section A.3.1). To date, a number of bacterial species and enrich-
ments have been described with the capacity for anaerobic n-alkane degradation via reduction
of sulfate, nitrate or chlorate (comprehensive lists can be found in Widdel et al., 2010 and
Mbadinga ef al., 2011). Together with the isolation of strain HAN1 (the focus of this thesis),
the isolation of two other denitrifying, alkane-degrading species affiliated with the Betapro-
teobacteria was accomplished (Ehrenreich, 2000). The two strains, named HxN1 and OcN1

were shown to degrade n-alkanes of a chain length of Cs—Cs and Cg—C); respectively.

Apart from pure cultures, also anaerobic enrichments with alkanes were investigated.
Degradation of n-hexadecane coupled to methanogenesis by a syntrophic culture was de-
scribed (Zengler et al., 1999) shortly before the organisms responsible for anaerobic oxidation
of methane (AOM) coupled to sulfate reduction were identified (Boetius et al., 2000). Only
recently, the denitrification-coupled anaerobic oxidation of methane (DAMO) was described

(Raghoebarsing ef al., 2006; Ettwig et al., 2010).

A.2.4 Anaerobic n-alkane activation reactions

In the absence of molecular oxygen, terminal oxidation via oxygenase enzymes (Fig. 6 A) is
impossible. Thus, anaerobic n-alkane degrading microorganisms have to employ alternative
biochemical reactions for cleavage of the inert C—H bonds of n-alkanes to achieve function-
alization. The first investigated n-alkane degrading physiology was that of Desulfococcus
oleovorans strain Hxd3 (Aeckersberg et al., 1991, 1998). Although carboxylation has been
proposed (Fig. 6 E), the nature of the employed anaerobic activation mechanism is still in
discussion (see section A.3.1.). The best understood and apparently wide-spread initial reac-
tion involves the addition to fumarate (Kropp et al., 2000; Rabus et al, 2001, Callaghan et al,
2006). The subterminal carbon of an n-alkane is added to fumarate in a reaction catalyzed by
a glycyl-radical-enzyme termed (1-Methylalkyl)succinate synthase (Mas or Ass; Fig. 6 D).
The assays for enzyme activity had been conducted with n-hexane degrading cultures of strain
HxN1 (Wilkes et al., 2003). The corresponding genes were detected in a gene cluster and the

enzyme was found to be a heterotetramer (Grundmann et al., 2008, Webner, 2012).
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Fig. 6. Initial reactions for activation of alkanes employed by bacteria under aerobic and anaerobic conditions.
Proposed responsible enzymes are indicated. Complete oxidation leads to CO, and H,0. ’Classical’ aerobic
oxidation by a terminal monooxygenase (A). An anaerobic pathway employing intracellular formation of oxygen
for ‘aerobic’ oxidation of alkanes has been called “intra-aerobic” (Ettwig et al., 2010). Oxygen from chlorite
dismutation utilized for n-alkane oxidation (B; Mehboob et al., 2009). Oxygenic NO dismutation for methane
oxidation (C; Ettwig et al., 2010). n-Alkane activation via fumarate addition by (Methylalkyl)succinate synthase
(D). Proposed n-alkane carboxylation by an unknown enzyme (E; So and Young, 2003; section A.3.1). Anaerobic

hydroxylation of ethylbenzene added for comparison (F; Kniemeyer and Heider, 2001). R = alkyl residue.
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Further degradation proceeds most likely by ligation to Coenzyme A, C-skeleton rearrange-
ment and decarboxylation to form 4-octanoyl-CoA. The resulting fatty acid can then be chan-

neled into B-oxidation and the central metabolism, ultimately yielding CO,.

In addition to the above described anaerobic mechanisms, 2 pathways have been de-
scribed which are proposed to employ intracellularly produced chemogenic oxygen. Mono-
oxygenases are suggested to utilize this oxygen for activation of alkanes under these “intra-
aerobic” conditions (viz. in the absence of oxygen from air). The first of the two pathways
was proposed for strain Pseudomonas chloritidismutans to enable anaerobic growth with n-
decane (Fig. 6 B; Mehboob et al., 2009). Physiological details of this organism are discussed
in section A.3.2. The second pathway was proposed for ‘Ca. Methylomirabilis oxyfera’, the
dominant bacterium in an enrichment which couples the anaerobic methane oxidation to ni-
trite reduction. Oxygen for the monooxygenase-catalyzed oxidation of methane was proposed

to be formed via NO dismutation (Fig. 6 C; Ettwig et al, 2010).

In the denitrifying strain Aromatoleum aromaticum EbN1 a mechanism for the anaero-
bic hydroxylation of ethylbenzene has been detected (Fig. 6 F; Kniemeyer and Heider, 2001).
Sulfate reducing strains degrade this compound via fumarate addition (Elshahed et al., 2001,
Kniemeyer et al., 2003). Ethylbenzene is an aromatic compound, but the principle activation
reaction has possible implications for anaerobic n-alkane activation and therefore is discussed
here. The responsible enzyme, the ethylbenzene dehydrogenase belongs to the dimthylsulfox-
ide reductase family of molybdoenzymes. The molybdate in the active site withdraws a hy-
dride from the hydrocarbon. The transiently present carbenium ion is stabilized by the z-
electron system of the aromatic compound. This system functions independently of fumarate
and of molecular oxygen. Still, an electron acceptor with a high redox potential is apparently
necessary for this kind or activation reaction. Although it is conceivable, anaerobic hydroxyla-

tion of n-alkanes has never been observed to date.

A highly reactive compound able to activate alkanes is peroxynitrite as shown in abiotic
experiments (Lobachev and Rudakow, 2005). However, its occurrence in anaerobically grown
cells and thus a possible involvement in anaerobic alkane oxidation is highly unlikely, since
hydrogenperoxide had to be added for formation of pyroxynitrite. Another highly reactive
nitrogen-compound is NO, (nitrogen dioxide). It was proposed to be an oxidizing compound
alternative to O, for anaerobic oxidation of ammonia in Nitrosomonas eutropha (Schmidt and
Bock, 1997, Schmidt et al., 2001). In contrast, recent results indicate, that anaerobic growth
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with ammonia could not be supported with NO, as an oxidant (Kartal et al., 2012). Ender-
gonic nitrogen-oxygen compounds are potentially highly reactive and might enable unique
biochemical reactions. For visualization, the nitrogen-oxygen intermediates of the canonical
denitrification pathway with high redox potential present in strain HAN1 and N, as its endpro-

duct are depicted (Fig. 7).

AN N *‘N=0: :N=N==0: tN=N:
'/ "'\ 4----3 o0 oo
Q7 e Qe
Nitrate Nitrite Nitric oxide Nitrous oxide Dinitrogen

Fig. 7. Approximated chemical structures of N-compounds in the order of the canonical denitrification pathway.
Nitrate, nitrite and nitrous oxide exhibit mesomeric bond structures with delocalized electrons indicated by dot-
ted lines (grey) which cannot be correctly visualized by single Lewis formulas. Paired electrons in atomic orbi-
tals are depicted as two dots, the unpaired electron of nitric oxide as a single dot.

A.2.5 Potential significance of overlooked metabolic pathways

Thermodynamic calculations are a powerful tool to predict the feasibility and thus the poten-
tial occurrence of metabolic pathways in nature. In a well-known paper, E. Broda (1977) pre-
dicted the possible existence of two kinds of microorganisms with lithotrophic lifestyles in-
volved in ammonium oxidation from energetic considerations. Both metabolic processes had
not been detected in nature at that time. Eighteen years later, one of them, the anaerobic am-
monium oxidation (anammox) coupled to nitrite reduction was discovered (Mulder et al.,
1995) to be performed by bacteria affiliated with the Planctomycetes. Another eleven years
later, the anammox process was exploited for economic removal of fixed nitrogen in a first
full sized wastewater treatment plant (Kuenen, 2008). Nowadays computational models have
been developed to asses the possibility for biodegradation of xenobiotics (e.g. Finley et al.,

2009).

Most of our current knowledge on metabolic pathways in prokaryotes is based on the
study of model organisms. When the function of the involved metabolic enzymes is estab-
lished by physiological experiments, the occurrence of the corresponding functional genes in
the environment can be studied by molecular methods independent of cultivation. In contrast,
no method is available to check for the occurrence of unknown pathways in nature. Such

pathways might involve the same substrates or metabolic intermediates as the established
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ones, but rely on alternative transformation reactions with a set of unknown enzymes. Accord-
ingly, even metabolic routes responsible for massive turnovers in global geochemical cycles
can be overlooked, when involved microorganisms are not cultivated and studied so that their
metabolic activity is not recognized. An example for such a scenario is the marine anammox
process: Loss of organic nitrogen in the world oceans had been assigned exclusively to the
activity of denitrifiers in the past. Since the detection of the anammox process in the black
sea, almost a decade ago (Kuypers et al., 2003) the picture has changed completely. Current
experimental data suggest that marine anammox organisms of the Planctomycetes are respon-
sible for a substantial part of global marine N-loss which takes place particularly in oxygen
minimum zones of upwelling areas (Dalsgaard ef al., 2003; Lam and Kuypers, 2011). The
general tendency to overlook underlying causes during observation of macroscopic phenom-
ena can be extended to the medical sciences in the 19" century. The role of pathogenic bacte-
ria as the causative agent of disease was not recognized until they were cultivated and studied
by scientists like Robert Koch and other founding fathers of today’s microbiology. Overall,
the successful cultivation and examination of novel unusual microorganisms can help to es-
tablish a more complete and accurate picture of the transformation reactions shaping the
world we live in. The detection of a huge number of unknown genes in all prokaryotic ge-
nomes that have been sequenced and annotated today, show the vast potential for future dis-
coveries of unrecognized metabolic pathways that have been overlooked in the environment

so far.

A.3  ‘Unusual’ hydrocarbon degrading anaerobes

A.3.1 Desulfococcus oleovorans Hxd3

Strain Desulfococcus (formerly Desulfobacterium) oleovorans Hxd3 is able to degrade C2Hzg
to CyHa, alkanes as well as 1-hexadecene coupled to sulfate respiration. The genome se-
quence was completely assembled by the Joint Genome Institute (JGI) in 2007 and is accessi-
ble (accession number CP000859.1) but not analyzed and discussed in a publication to date.
Complete oxidation of alkanes to CO, (and H,O) was shown by determination of degraded
alkane and reduced sulfate in cultures of strain D. oleovorans that matched the proposed

stoichiometry according to eq. 1.

Ci6Haq + 12.15 SO4* — 16 HCOs + 12.15 H,S + H,O (1)
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The anaerobic alkane activation reaction employed by D. oleovorans was suggested to be
either a (endergonic) terminal carbonylation (addition of a C, unit) or fumarate addition at the
C3 position (Aeckersberg, 1998). However, the expected alkyl-succinate metabolites were not
detected in cultures of D. oleovorans. A presently discussed mechanism is initiated by a car-
boxylation at the C3 position followed by removal of two carbon atoms from the alkane
chain, based on Bc.co, incorporation into intermediates (So et al., 2003; Callaghan et al.,
2006). However, a fatty acid with an ethyl residue at the C2 position (2-ethyl-alkanoate)
should arise from the suggested activation reaction which has never been detected. Also, the
carboxylation of alkanes is not thermodynamically feasible under standard conditions unless
the product from the activation reaction is kept at extremely low concentrations (Thauer and
Shima, 2008). Thus, the hypothetical anaerobic alkane activation via carboxylation is still

challenged and awaits further experimental substantiation.

A.3.2 Pseudomonas chloritidismutans AW-1"

Strain Pseudomonas chloritidismutans belongs to the Gammaproteobacteria and was isolated
from a chlorate reducing bioreactor (Wolterink et al., 2002). The strain was able to reduce
chlorate, but not nitrate initially. However it could be adapted to growth with nitrate by re-
peated subcultivation and decreasing oxygen concentrations according to Cladera et al.
(2006). Bacteria able to reduce perchlorate (Cl104 ) and/or chlorate (C10;") have been found to
utilize both compounds not only as terminal electron acceptors, but also as sources of oxygen

as the terminal product of the reduction sequence (Cl04s — CIO; — ClO, — CI” + O,).

Strain P. chloritidismutans grew with n-alkanes ranging from CsH,¢ to C,H,¢ and oxy-
gen (from air) or chlorate as electron acceptor (Mehboob et al., 2009). The proposed pathway
is as follows: Chlorite (CIO; ) is dismutated into chloride and molecular oxygen according to
ClO; —» CI' + O, (AG°=-148.4 k] mol™'; Rikken et al., 1996; Wolterink ef al., 2002). The
formed oxygen enables the activity of the aerobic pathway initiated by terminal oxidation of
n-decane with help of a monooxygenase (Fig. 8). The produced alcohol is oxidized subse-
quently to the aldehyde and fatty acid, which is then channeled into B-oxidation. The study by
Mehboob et al. (2009) was the first description of the utilization of chemogenic, intracellular

oxygen for the ‘anaerobic’ activation of n-alkanes.
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Fig. 8. Degradation of n-alkanes coupled to chlorate respiration in strain Pseudomonas chloritidismutans AW-1
with monooxygenases utilizing oxygen from chlorite dismutation for terminal oxidation (adapted from Mehboob
etal.,2009).

A.3.3 Candidatus Methylomirabilis oxyfera

The first described microorganism able to degrade methane coupled to nitrite respiration
was ‘Candidatus Methylomirabilis oxyfera’ (Raghoebarsing et al., 2006) affiliated with the

NC10 phylum. The genus and species name can not be officially assigned to it yet, since the

examined culture is still in the state of an enrichment and not a pure strain.

Fig. 9. Cryoscanning electron micrographs of ‘Ca. Methylomirabilis oxyfera’ cells showing longitudinal ridges
along the cell length. (A) Plunge-frozen ‘Ca. Methylomirabilis oxyfera’ cells undergoing cell division. (B)
Plunge-frozen ‘Ca. Methylomirabilis oxyfera’ cells showing cap-like structure (inset) at the cell poles. Scale
bars, 500 nm. Source: Wu et al., 2012
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Cells of M. oxyfera exhibited an unusual polygonal shape (Fig. 9) and an additional out-
ermost sheath, which might represent a (glyco)protein surface layer. Electron microscopy also
revealed the lack of intracytoplasmic membranes, known from classical proteobacterial
methanotrophs (Wu et.al., 2012). All of the observed distinctive morphological features might

be due to adaptations to its unique lifestyle described below.

Metagenomic analysis of DNA samples extracted from the culture and bioinformatic re-
construction enabled the assembly of the whole genome sequence. The genome was assigned
to a single species, even though the enrichment was not clonal and thus the genome data re-
vealed some degree of microvariability (Ettwig et al., 2010). Transcriptomic and proteomic
information from this culture was acquired in addition shaping a puzzling picture of M. oxy-
fera’s methane metabolism. The complete aerobic pathway for methane degradation was pre-
sent in the genome and apparently operative in the anaerobically grown cells, evident from the
obtained mRNA and protein data, although the culture was kept anoxic and nitrite was con-
stantly reduced. Furthermore, N, was the endproduct of nitrite reduction even though the en-
zyme for N,O reduction to N, (the last step of complete denitrification catalyzed by the N,O

reductase) was absent from the genome.

This riddle was resolved, when indications for the dismutation of NO into N, and O,
enabling an ‘intra-aerobic’ pathway were found via physiological experiments. During meth-
ane inlet mass spectrometry (MIMS) supported by additional microsensor measurements with
M. oxyfera, methane was reduced when nitrite or NO was added. This led to the formation of
N, in the absence of an N,O reductase. Only minor amounts of N,O were produced that were
assumed to be produced by the activity of accompanying species. Also, when N,O and/or ni-
trate was present at high concentrations, methane was not reduced until nitrite was added. In
assays with acetylene, propylene and '*O-labeled H,O, increasing amounts of '*'*0, and
8180, were detected in the gas phase over M. oxyfera cultures upon addition of unlabeled
NO; . This was explained by the exchange of oxygen atoms between H,O and NO, due to
the activitiy of the nitrite reductase (Friedman et al., 1986). The path of the *O oxygen would
thus have led from N'*0," via reduction to N'®O and via dismutation to '*'*0, and '*'*0..
Such oxygenic NO dismutation had not been observed before and has not been measured in

cell extracts or in enzyme assays thus far.

Since oxygen was shown to be produced by these cells, presumably from NO dismuta-
tion, the question arose, whether M. oxyfera was able to grow with oxygen. However, addi-
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tions of 2% or 8% oxygen to the cultures resulted in an instant decrease of methane and nitrite
consumption and seemed to harm the cells (Luesken et al, 2012). Apparently the applied
oxygen concentrations had been too high. Thus the question remains whether M. oxyfera is

able to grow under microaerophilic conditions.

The identity of the putative NO dismutating enzyme has not been resolved unambigu-
ously. The particulate methane monooxygenase (pMMO) had been handled as a potential
candidate, but also two multicopper oxidases as well as the NO reductases (Ettwig et al.,
2010). Recent analysis of protein sequence data shifted the focus to the two closely related
NO reductases (gene locus tags DAMO 2434 and DAMO 2437) related to the canonical
gNORs encoded in the genome of M. oxyfera (Ettwig et al., 2012). Both were among the most
abundant gene products as detected via transcriptomic and proteomic analysis, while a third
Nor-gene (DAMO 1889) was expressed only in low amounts (Ettwig et al., 2010). The pro-
tein sequences of the two similar Nors exhibit remarkable modifications to key amino acids
and a divergent phylogeny in comparison with canonical NO reductases. Due to the accumu-
lated indications, the NO reductases of strain M. oxyfera were suggested to function as an NO
dismutase (Ettwig et al., 2012). Purification and characterization of enzyme activity was sug-
gested to test this hypothesis (Ettwig et al., 2012) The striking similarities and phylogenetic
affiliation of their protein sequences with the protein sequence of an HAN1 Nor will be dis-

cussed in section B.2.3.

A.3.4 Dechloromonas aromatica RCB

The strain Dechloromonas aromatica which affiliates with the Betaproteobacteria was iso-
lated with chlorate and BTEX compounds (benzene, toluene, ethylbenzene and xylene) from
river sludge (Coates et al., 2001). It is the first isolated species able to completely degrade
benzene to CO, under anaerobic conditions. The strain is able to couple growth with benzene
to reduction of oxygen (aerobic) or nitrate to dinitrogen or chlorate and perchlorate to chloride
(Chakraborty and Coates, 2005). The complete genome was sequenced and several mono- and
dioxygenases for the aerobic degradation pathway were detected. In contrast, signature genes
for the described glycyl-radical enzymes for activation mechanisms based on fumarate-
addition (e.g. bss, mas (or ass) or nms; Widdel and Grundmann, 2010 and references therein)
were found to be absent (Salinero et al., 2009). During growth of D. aromatica on benzene

with nitrate initial hydroxylation of benzene to phenol and subsequent carboxylation to p-
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hydroxybenzoate, and loss of the hydroxyl group to form benzoate (or benzoyl-CoA) was
found (Chakraborty and Coates, 2005). Both phenol and benzoate were detected as transient
metabolites via GCMS. In contrast, during aerobic growth of strain D. aromatica on benzene,
no phenol could be detected. The hydroxylated derivative may have possibly escaped detec-
tion due to fast removal by subsequent metabolic reactions. Addition of the chemical reduc-
tant sodium dithionite (0.5 mM) did not affect phenol formation in nitrate reducing cultures,
but retarded it in aerobic cultures. Higher concentrations (> 1 mM) completely inhibited aero-
bic growth with benzene while phenol sustained growth at the same concentrations of ditio-
nite. Thus, it was suggested that the hydroxylation of benzene had been inhibited by the re-
ductant (Chakraborty and Coates, 2005). In the absence of oxygen (from air), chlorite- or NO-
dismutation could provide chemogenic oxygen for the oxidation of benzene via mono- or di-
oxygenases (Weelink et al., 2010). It is conceivable, that the dithionite (as an ionic com-
pound) did not reduce intracellular oxygen. Thus a common pathway for aerobic and anaero-
bic activation of benzene with oxygen as a co-substrate in strain D. aromatica RCB can not be

excluded.

The identity of the enzyme potentially responsible for oxygen generation from denitrifi-
cation intermediates is unclear. The chlorite dismutase (Cld) of Nitrospira defluvii has been
negatively tested for the dismutation of NO. In contrast, chlorite dismutating activity was
found to be inhibited by addition of NO (Maixner and Ettwig unpublished data in Ettwig et
al., 2012). An enzyme similar to the qNors of strain M. oxyfera (and HAN1) was absent in the
genome of strain D. aromatica (Ettwig et al., 2012). Hence, either the strain features an un-
known enzyme for the oxygenic dismutation of NO (or another denitrification intermediate),
or growth with benzene is initiated by an alternative uncharted activation mechanism inde-
pendent of O,. Such a mechanism, not dependent on electron acceptors with a highly positive
redox potential could also be employed by sulfate reducing bacteria for the anaerobic activa-

tion of benzene.
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A.4  Goals of the present work

While the existence and significance of anaerobic alkane degrading bacteria in hydrocarbon
remineralization had been widely neglected in the past (McKenna and Kallio, 1965, Atlas,
1981), it is commonly accepted nowadays (Rojo, 2009). Anaerobic hydrocarbon degradation
is known to occur via a number of different biochemical activation mechanisms, the applica-
bility of which is mostly dictated by the chemical properties of the substrates (Heider, 2007).
One mechanism for the anaerobic degradation of alkanes based on the addition of fumarate
has been recognized and studied since more than ten years and is thus quite well understood
by now (Kropp et al., 2000; Rabus et al., 2001; Grundmann et al., 2008, Callaghan et al.,
2008, Rabus et al, 2011). Alternative pathways may exist, for which some indications are
available (Aeckersberg et al., 1998, So et al,, 2003). However, hitherto the significance of

these alternative activation pathways remains largely unknown and thus awaits investigation.

The general aim of this study was to investigate the anaerobic degradation of n-alkanes
by strain HAN1, which was suspected to employ a novel activation reaction since described
pathways were found to be absent. The first objectives were to describe strain HAN1 in more
detail in terms of its phylogeny, cell morphology and substrate spectrum as well as to develop
and apply thorough purity controls. Such controls were necessary to resolve doubts mostly
caused by strain HdAN1s’ obvious pleomorphism (Section B.1). Since the unique anaerobic
alkane metabolism of strain HIN1 was the main topic of my thesis, experiments to investigate
several physiological traits were to be conducted. When indications for a surprising functional
coupling of the alkane catabolism with intermediates from denitrification became apparent,
the metabolic significance of the energy rich N—O compounds was to be scrutinized (Section
B.2). Furthermore, detection of trace oxygen concentrations within the HAN1 culture was to
be attempted with a number of different techniques, to explore one hypothesis for anaerobic
activation of alkanes by strain HAN1 that would imply the production and utilization of di-
oxygen, (Section B.3). The catabolic transformations of alkanes, alkenes and phenylalkanes
that could reveal or hint on the nature of the potentially novel anaerobic activation reaction

were to be investigated (Section B.4).
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B Results and Discussion

This part provides a discussion of selected results from the original research articles and sub-

sidiary unpublished findings. Further details may be found in Chapter D.2 and D.3.

B.1  Phylogeny and physiology of strain HAN1

B.1.1 Phylogeny

Strain HAN1 affiliates with the Gammaproteobacteria (Fig. 10). The three closest relatives of
the strain, found by comparison with the most current ribosomal 16S rRNA sequence data
available in the ARB-Silva-database (SSU Ref NR 111, July 2012; Ludwig et al., 2004;
Pruesse et al, 2007), are Ectothiorhodospira shaposhnikovii (88.0% seq. identity), Thi-
orhodococus minor (87.8% seq. identity) and Methylococcus capsulatus strain Bath (88.9%
seq. identity).

98— Azoarcus evansii (X77679) \
Azoarcus toluclasticus (AF123077) *
Strain HxN1 (AF331975) *M
Strain PbN1 (X83532) *
Aromatoleum aromaticum EbN1 (X83531) *
Thauera aromatica (X77118)*

> Beta

Thauera phenylacetica (AJ315678)

Strain pCyN2 (Y17285)

Strain OcN1 (AF331976) *M

Dechloromonas aromatica RCB (AY032610) *
Rubrivivax indolicus (AJ620346)
Azovibrio sp. BS20-3 (AF011349)

Methylophilus methylotrophus (L15475)
Nitrosomonas aestuarii (AJ298734) }
Legionella gratiana (Z49725) \
100, Escherichia coli (X80725)
Vibrio sp. NAP-4 (AF064637) *
Alteromonas litorea (AY428573)
Moraxella bovis (AF005182)
Alcanivorax borkumensis (Y12579)
Marinobacter hydrocarbonoclasticus (X67022)
Pseudomonas oleovorans (D84018) Gamma
Pseudomonas syringae (Z76669)
Coxiella burnetii (D89791)

Strain HdN1 (AF331974) *
Ectothiorhodospira shaposhnikovii (AY974609)
Nitrococcus mobilis (L35510)

outgroup \ﬁi Allochromatium vinosum (FM178268)
Thiorhodococcus minor (Y11316) j

10%

Fig. 10. Phylogenetic (16S rRNA based) affiliation of strain HAN1 with selected Beta- and Gammaproteobacte-
ria including other strains able to degrade aromatic or saturated petroleum hydrocarbons with NO;™ (*). Strains
able to anaerobically degrade n-alkanes are highlighted in bold; occurrence of (1-methylalkyl)succinate forma-
tion for alkane activation is also indicated (M). Tree-reconstruction was via neighbor joining method. Bootstrap
values (%; only > 60% shown) were obtained after 1000 resamplings. Scale bar, 10% estimated seq. divergence.
Zedelius et al., 2011.
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Since its 16S rRNA sequence has a similarity of less than 95% compared with the closest de-
scribed genus, strain HAN1 will once be assigned a novel species of a novel genus (Yarza et
al., 2008; Tindall et al., 2010). The species name ‘Oleomonas alkani’ suggested by P. Ehren-
reich, who purified the strain during her PhD-thesis (1996), can not be used since the genus
name ‘Oleomonas’ has already been assigned to a different phylum in the meantime
(Kanamori et al., 2002). As her successor, I would suggest the name Paraffinoleum proni-
troxum (Par.affin’o.le.um L. parum affinis lacking affinity (inert), paraffin; L. n. oleum oil;

pro.ni.trox.um L. n. pro for, nitr nitrogen, ox oxygen).

B.1.2 Cell morphology

The cell morphology of strain HAN1 has been characterized before (Ehrenreich, 1996, 2000)
and shall just be mentioned here briefly for the sake of completeness. The cell shape of strain
HdN1 depends on its growth substrate. With fatty acids (e.g. myristate), cells were short rods,
1.5 -2.5 um in length and with a diameter of 0.5 um (Fig. 11 B). With alkanes, alkenes and
long chain alcohols, the cells exhibited a certain pleomorphism. In such cultures, a large frac-
tion of the cells took on a larger, more oval shape with a high variability in sizes and a strong
refraction, while some cells remained small and rod-shaped, some were also motile (Fig. 11
A). The increase in size was due to the formation of internal storage inclusions likely contain-
ing the pure growth substrate and wax esters and possibly some other hydrophobic metabo-
lites (for more details see section B.4). The cells apparently produced these neutral lipids
when supply of an energy rich growth substrate was ample to provide for potential future
shortages. Earlier assumptions on the formation of polyhydroxy-alkanoates (PHA) as storage
compounds were refuted (A. Steinbiichel, personal communication). Nile red is known to
stain cellular inclusions containing lipids or hydrocarbons (Spiekermann et al., 1999; Pinzon
et al., 2011). The dye only becomes fluorescent within a hydrophobic environment (Green-
span et al., 1985). Staining of cells for specific detection of stored n-alkanes or wax esters was
not possible, since not all cells with such inclusions were stained by Nile red (Fig. 11 C), and
also cells grown with pentanoate shown not to produce wax esters (see section B.4.4) gave a

weak signal (not shown).
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Fig. 11. Phase contrast micrographs of HdN1 cells grown anaerobically with n-tetradecane (A) or valerate (B)
and overlay of phase contrast and fluorescence micrograph of alkane grown cells stained with Nile red (C). Exci-
tation wavelength was 515-560 nm; emission was > 590 nm. Scale bar represents 5 um. Zedelius ef al., 2011.

While short-chain fatty acids (preferred: pentanoate) used for cultivation allowed measure-
ments of optical density (ODsgo), flocks of long-chain fatty acid substrates had to be removed
beforehand. In cultures with aliphatic hydrocarbon substrates, cell aggregates that formed at a
certain density and high refraction from the internal inclusions (Fig. 11 A) led to incompara-

ble results that could only be used to roughly estimate the state of growth.

B.1.3 Key genome features

The complete genome of strain HAN1 was sequenced by a shotgun approach in cooperation
with Richard Reinhardt (MPI for Plant Breeding Research) and Michael Kube (MPI for Mo-
lecular Genetics). The sequence (accession number FP929140; NCBI reference
NC 014366.1) consists of 4,587,455 base pairs with a G+C content of 53.26 [mol%] and con-
tained 3762 predicted coding sequences. More information on the genome can be found in
Tables S1 (general genome features), S3 (detected genes of denitrification enzymes), S4 (de-
tected alkane monooxygenase genes), S5 (detected terminal oxidase genes) in the appendix of
Chapter D.2. Details on the methods used during genomic analysis are described in Appendix

S1 of Chapter D.2. Strain HAN1 possessed no plasmids.

B.1.4 Purity

For purification, dilution techniques are useful since accompanying organisms present in mi-
nor fractions can be out-diluted, leaving only the most abundant species. The best way to
check for a contamination in a culture of strain HAN1 is to use (aerobic) agar plates or liquid
medium with yeast extract and glucose, since strain HAN1 does not grow with them, while
they enable fast growth (and thus detection) of typical contaminant strains. Such commensals

might be present in very low numbers during cultivation of the dominant strain, when they
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live of lysed cells and excreted metabolites. PCR-based techniques are most useful for the
detection of known organisms, since specific primers can retrieve a signal even from a few
contaminating cells. With unspecific primers (e.g. for the 16S rRNA gene) low amounts of
contaminating cells might escape detection. Methods based on whole cell ‘fluorescence in situ
hybridization” (FISH; Amann and Fuchs, 2008) can detect all kinds of accompanying species
present in microscopically detectable numbers with help of fluorescent oligonucleotide probes
specific for the dominant species. To ensure that the variation in cell shapes in the HAN1 cul-
tures did not mask a contamination, thorough purity tests were conducted. First, liquid dilu-
tion series of strain HAN1, according to the ‘most probable number’ approach, with tetradec-
ane or valerate were prepared. Cells from the highest positive dilutions were microscopically
indistinguishable and always able to grow with both, tetradecane and valerate (pentanoate),
showing that they were really strain HIN1. Second, agar plates with valerate and yeast extract
were incubated under air with addition of CO, (3-6%). All colonies and cells had the same
appearance and were able to grow anaerobically with NOs™ and tetradecane, thus indicating
their identity as strain HAN1. Third, a specific fluorescent oligonucleotide-probe (HAN1 112)
was designed with ARB and used for whole cell hybridizations (FISH) as described before
(Musat and Widdel, 2008, for details see Appendix E.4.1). While all cells in HAN1 cultures
hybridized with the HdAN1 112-probe and were labeled with DAPI (4',6-Diamidin-2-
phenylindol; Fig. 12 A), added cells of strain OcN1 (chosen due to the similar lifestyle of this
strain) did not hybridize with this specific probe and were only visualized by their DAPI-
signal. Hence, accompanying cells would be distinguishable and thus detectable via FISH

(Fig. 12 B).

A

Fig. 12. Fluorescence microscope images, overlays of the specific HIN1 112 probe and DAPI signals. Cells of
strain HAN'1 are visualized by the specific probe (red) and DAPI (blue) signals (A). In mixtures the added OcN1
cells are only visualized by the DAPI (blue) signal (B). Bar represents 5 pm. Zedelius ef al., 2011.
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B.1.5 Cultivation

Strain HAN1 was anaerobically cultivated in bicarbonate-buffered ‘nitrate reducer medium’
(NM) saturated with N»/CO; (9:1, v/v) with NO;™ and ascorbate (as a reducing agent that was
not metabolized) according to Widdel and Bak (1992). With fatty acids it had a doubling time
of 11-13 hours. Aerobic cultivation was performed in phosphate-buffered medium (PNM; see
Appendix E.2). The pH in anaerobic cultures increased from 6.8 to over 8.0, due to proton
consumption during denitrification. Although the highest tolerated salinity was not deter-
mined, unrestricted growth in brackish medium (Appendix E.2) and tests with diluted fresh-
water medium showed that the strain could endure some osmotic variation (not shown). Aero-
bic or anaerobic growth on agar-plates necessitated a minimal medium (Appendix E.2) and
CO; added to the headspace (3-5%). If a small amount of liquid alkane (preferentially tet-
radecane due to its relatively high vapor pressure) was added to a piece of filter-paper and
placed in the lid of the petri-dish, colony formation was surprisingly fast. In liquid cultures,
shaking accelerated growth only with fatty acids, while it hampered alkane cultures (as ob-
served before with strain Hxd3, Aeckersberg et al., 1998). In freshly inoculated alkane-
cultures, the first indication of growth was formation of small gas bubbles, and then a sheath
of cells right below the organic phase. Such sheaths of cells have been considered as
‘biofilms’ before (Grimaud, 2010) despite the lack of a solid support. Attachment is a preva-
lent phenomenon for hydrocarbon degraders that facilitates uptake of highly insoluble sub-

strates (Abbasnezhad et al., 2011) and apparently is also employed by strain HANT1.

B.1.6 Exclusion of trace oxygen leakage

For anaerobic cultivation butyl-rubber stoppered glass bottles were used. Since these stoppers
are pierced by steel needles often for sample acquisition or feeding of nutrients, trace amounts
of oxygen could theoretically enter the bottles via micro-leakages. For “aerobic” terminal ac-
tivation of alkanes by monooxygenases only one molecule of oxygen is needed per alkane
molecule. In the case of n-hexadecane, the resulting hexadecyl-alcohol still retains most re-
duction equivalents (96 of 98 [H]) which could be transferred to both kinds of respiration —
either coupled to oxygen- or to nitrate-reduction. In a scenario where just one mole of external
oxygen per mole of degraded alkane could pass the stopper, any bacterial strain with alkane
monooxygenases and the ability to denitrify could grow “anaerobically” with alkanes. Such a

scenario is highly unlikely though, since anaerobic cultivation techniques are well established
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(Bryant, 1972; Hungate 1969; Widdel, 2010) and diffusion would strongly limit such growth
dependent on leaked oxygen, incompatible with fast growth rates. Besides, 4 mM ascorbate
was always present in the medium acting as an oxygen sink (such medium stored in rubber-
stoppered flasks remained anoxic, obvious from the reduced state of the ascorbate which was
not oxidized to the orange-colored dehydroascorbate, even after months of storage). Also
strain HAN1 grew well on agar plates with alkane vapors in anoxic jars, with a strong iron-
based reductant (Anaerocult A, Merck, Darmstadt) and the use of tests strips that indicated
anaerobiosis (Anaerotest, Merck, Darmstadt). Furthermore, the formation of N, due to denitri-
fication leads to the build-up of considerable overpressure in the cultures that would only al-
low an efflux of gas via hypothetical leaks counteracting O, influx. Finally, an experimental
result can be cited here to resolve any doubts: When cultures of strain HIN1 were incubated
with a large surplus of hexadecane and N,O (red. of 250 umol N,O [accepts 500 pmol e ]
yields max. 250 pmol Ny) in glass bottles with the same kind of rubber stoppers, leakage of
O, for alkane activation would have lead to more N,-production than with nitrate (red. of 100
umol NOs ™ [accepts also 500 umol e] yields max. 50 umol N;) since all N,O would have
been reduced with electrons from the activated alkanes. However, the contrary was observed

—less N3 is formed with N,O, thus disproving oxygen leakage as visualized in Fig. 15 A,B.

B.1.7 Substrate spectrum

The substrate spectrum of strain HAN1 had been determined to some degree in the past
(Ehrenreich, 1996) and was further investigated during this work (a table with a detailed sub-
strate spectrum can be found in Appendix E.1.1). Under aerobic conditions a slightly narrower
n-alkane-spectrum (C;—Cso; organic substrates indicated by C-chain while other constituents
are omitted) could be degraded than under anaerobic conditions (C¢—Cj3¢). The reason for this
discrepancy is unclear and could best be explained by different sets of enzymes involved in
degradation expressed at different redox conditions. Fastest growth was observed in the range
from Cy4 (tetradecane) to C;g (octadecane). Growth with n-alkanes of shorter or longer chains
was slower or was preceded by a longer lag-phase. A possible explanation for these observa-
tions could be lower enzyme specificities for these chain lengths or even toxic effects (Has-
inger et al., 2012). The range of utilizable 1-alkenes (Cjo, Ci4, Cj6, C,7 tested positively), fatty
acids (C,—Cjs) and I-alkanols (Cs, Co, Ci4, Cj6 tested positively) was the same under aerobic

or anaerobic conditions. Aromatics were in principle not utilized as substrates. Phenyl-
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tridecane and phenyltetradecane supported growth, but only the side chains were degraded
producing benzyl-substituted carboxylic acids (see also section B.4.5). Long-chain n-alkanes
with more than 18 carbon atoms are highly insoluble and crystalline (viz. solid) at room tem-
perature. Still, strain HAN1 and other (mostly aerobic) bacteria are known to degrade these
paraffins with surprisingly large chain lengths. According to some reports the degradation of
extremely long alkanes (e.g. Cs4) was only possible when they were dissolved in a liquid or-
ganic phase (Sakai et al., 1994). However, strain HIN1 was not able to degrade n-tetracontane
(C40) dissolved in HMN. While the solubility of short- to medium-chain alkanes decreases
enormously with increasing chain length (still the fraction of a liquid alkane dissolved in wa-
ter has the same activity as the pure alkane phase; Widdel and Musat, 2010), these substrates
are in general thought to cross cell membranes by diffusion. The dissolution and uptake of
solid alkanes possibly necessitates surfactants (Perfumo et al., 2010) and active transport into
the cells by so far unknown enzymes. Due to the structural similarities of long-chain alkanes
and the side-chains of low-density polyethylene (LD PE, Aldrich, St. Luis, USA), the poten-
tial for plastic-degradation was also tested with strain HAN1. Incubations with pure PE or PE
and HMN did not show any growth. To test whether alkyl-residues coupled to a solid phase
(irregular silica gel particles) could be degraded, octa-decyl-silan (CigH37SiH>-R; Agilent,
Santa Clara, USA) was also tested in incubations, but proved to be non-degradable by this

strain.

B.2  Nitrate metabolism and the role of intermediate N—O-compounds
B.2.1 Reduction of nitrate and other electron acceptors
Dentitrification is the reduction of nitrate (NO3") or nitrite (NO, ) via nitric oxide (nitrogen

monoxide, NO) to nitrous oxide (dinitrogen oxide, N,O) and often to dinitrogen (Zumft,

1997; Fig. 13).

+V +111
2H+ 2H+ 1 H* 1/zHO H+1/2HO
2e 1e 1e 1e

Fig. 13. Simplified canonical denitrification pathway with the complete reduction of nitrate to dinitrogen. The
redox state of nitrogen is indicated by latin numbers above.
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Genes for the enzymes of the canonical denitrification pathway were detected in the genome
of strain HAN1 (for details see Table S3 in the appendix of Chapter D.2): A nitrate reductase
(narGHJI), a nitrite reductase (nirS), a nitrous oxide reductase (nosZ) and three different nitric
oxide reductases (norBC and two different norZ) the potential role of which will be discussed
in section B.2.3. During fast growth NO, and N,O (but not NO) sometimes accumulated
transiently at low concentrations (< 1.5 mM and < 2.5 mM respectively), but were later com-
pletely reduced to N, in the presence of appropriate electron donors. This behavior is known
to be more or less pronounced for both intermediates in other denitrifying bacteria. In hetero-
trophic bacteria, only a small fraction of the electron donors (C source) is transformed into
biomass, while the major fraction is dissimilated to CO,, depending on the terminal electron
acceptor (Widdel and Musat, 2010). The accumulation of N, and CO, can thus be quantified
as indicators of metabolic activity. For this technique cultivation needs to be conducted below
a headspace of a N,-free inert gas like argon or helium so that produced N is not obscured by
background N, and the same gas needs to be employed as carrier during gas chromatography.
This approach is particularly useful for strain HIN1 since the measurement of optical density
(OD) for the quantification of growth (also an indicator of metabolic activity) is skewed with
alkane grown cells due to droplet-like inclusions with a high refraction (compare section

B.1.2 and Fig. 11).

To examine their capability to support efficient growth, different electron acceptors were
added. Build-up of cell mass of strain HAN1 was fastest with O,, tested at concentrations of
ambient air. While NO;™ added at 100 mM slightly slowed down growth, lower concentrations
(< 40 mM) sustained fast growth. With NO;, cultures sometimes had a longer lag-phase or
grew slower if more than 5 mM were added. Interestingly, no growth occurred with N,O and
alkanes as substrate. This unexpected finding demanded further examination (see following
section). Other electron acceptors tested incluced (conc. in mM) sulfate (15), thiosulfate (5),
sulfur (added as slurry), fumarate (10) and perchlorate (10) but none of them supported
growth. Toxic effects of these compounds were excluded, since controls with additional NOs~

exhibited fast growth. In contrast, added chlorate proved to be toxic for this strain.

B.2.2 Gas measurements for physiological analysis

For comparison, strain HAN1 and two other alkane degraders, strains HXN1 and strain OcN1

were cultivated with N>,O and either an n-alkane or a fatty acid in cultures with an argon at-
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mosphere. When the positive controls were fully grown, headspace samples from all cultures
were analyzed via gas chromatography. Strains HXxN1 and OcN1 (both belong to the Betapro-
teobacteria and use fumarate addition for alkane activation) grew well on n-alkanes (hexane
and octane, respectively) or fatty acids (hexanoate) with N,O, and accordingly reduced it to
N, (Fig. 14). Strain HAN1 was found to also metabolize fatty acids or primary alcohols (not
shown) with this electron acceptor. Furthermore, the combination of N,O and a long-chain
alkane (n-hexadecane) did not inhibit growth of strain HdN1, since N>-production was en-
abled with N,O if NOs;~ was injected additionally (visualized also in Fig. 14). However, no
growth occurred and only some residual N, was produced by strain HAN1 incubated with

hexadecane and N,O (Fig. 14).
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Fig. 14. N, formed in anaerobic cultures of strain HAN1, HxN1 and OcN1 with alkanes (black bars) or fatty
acids (striated bars). A control experiment with strain HAN1 to exclude N,O-toxicity received both, NO; and
N,O. Here, more N, was formed than with NO;™ alone. This indicated that not only NO;™ but also N,O was used
by the respiratory chain if alkane degradation was enabled by NO; . Data show that strain HIN1 could not use
N,O alone for alkane degradation, in contrast to the other strains. Negative controls (without electron acceptor)
did not grow. Zedelius et al., 2011.

The puzzling inability of strain HAN1 to grow with alkanes and N,O was scrutinized in time
course experiments measuring formation of N, and CO, and reduction of N,O with a surplus
of alkane (n-hexadecane) or fatty acid (hexadecanoate) with either NOs; or N,O and an argon
atmosphere (Fig. 15). With NOs, both substrates were utilized leading to production of Nj
and CO; (Fig. 15 A-D). The distinctive feature of strain HIN1 became apparent with N,O,

which was not reduced in cultures with hexadecane (Fig. 15 E).
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Fig. 15. Time courses of the formation of N, (A, B) CO, (C, D) and reduction of N,O (E, F) in anaerobic cul-
tures of strain HAN1 with n-hexadecane (A, C and E) or palmitate (B, D and F). The electron acceptors were
added in stoichiometrically limiting amounts (100 mmol of NO;; ¢. 250 mmol of N,O) relative to the electron
donor (171 mmol of hexadecane, 10 mmol of palmitate). Results show that alkane oxidation to CO, was not
possible with N,O, but readily occurred with NO; . The functionalized compound, palmitate, was oxidized with
N,O. Zedelius et al., 2011.
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Only a marginal increase in N, from reduction of N,O and no production of CO, was detected
(Fig. 15 A, C), while growth with palmitate entailed formation of N, and CO, (Fig. 15 B, D)
and complete reduction of N,O (Fig. 15 F). In cultures with NOs, a transient accumulation of
N>O could be observed during the initial growth phase (Fig. 15 E-F). The initial amounts of
NO; and N,O had been chosen so that an equal amount of reduction equivalents could be
transferred from the carbon substrate to the respective electron acceptor. More N, production
was thus expected if all N,O was reduced (according to eq. 2 and 3) compared to a complete

reduction of NO3™ (according to eq. 4 and 5).

Ci¢Hz4 + 49 N,O — 16 HCO; +49N,+ 1 H,0+ 16 H )
C1sH30, + 46.5 N,O — 16HCO; +465N,+15H +05H,0 (3)
Ci6Hzs + 19.6 NO; + 3.6 H — 16 HCO; +9.8 N, + 10.8 H,O (4)
Ci¢H3,0, + 186 NOs +3.6H — 16 HCO; +9.3 N, +9.8 H,O (5)

Nitrite succeeds nitrate during denitrification (NO3; —NO,; —-NO —N,0—N,) and was
detected as regular intermediate at transient low concentrations (< 1.5 mM; B.3.1). With al-
kanes and N,O, addition of ‘pulses’ of NO, led to clear production of N, and CO, (Fig. 16).
Apparently growth with alkanes was enabled by these additions.
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Fig. 16. N, (A) and CO, (B) formed in HAN1 cultures with alkanes and N,O when NO, (30 pmol) was added.
The increase seen with N,O alone can be explained by the oxidation of electron donors introduced with the in-
oculum. No formation of N, or CO, occurred without electron acceptor.

The formation of N in cultures with only N,O (Fig. 16 A) was as small as before (mind scale
of y-axis) and apparently due to an endogenous electron donor introduced with the inoculum.

Wax esters, and possibly other functionalized alkane metabolites stored within alkane grown
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HdANT1 cells (used here as inoculum), can be metabolized with N>,O and are thus good candi-
dates for such electron donors. This also explains the formation of a small amount of N, with
alkanes and N,O seen in Fig. 15 A. The detection of wax ester-formation by strain HAN1 will

be described in more detail in section B.4.4.

Strain HAN1 exhibited a unique physiology. Above results suggested that an intermedi-
ate from nitrate reduction ‘before’ N,O was necessary for growth with alkanes. The crucial
biochemical step during alkane degradation not sustained with N,O could be the anaerobic
activation reaction, since functionalized alkanes like alkanols and fatty acids were metabo-
lized with this electron acceptor. Essentially, a small proportion of either NO, or NO is sug-
gested to be deviated from the respiratory chain for alkane activation (orange and red arrows
in Fig. 17). Accordingly, the bulk of nitrogen compounds would follow the canonical denitri-
fication pathway also in alkane cultures of strain HAN1. This hypothesis is supported by the
finding that N>O was a regular intermediate (Fig. 15 E-F; it accumulated only when N,O re-

duction was inhibited; see Fig. 21) and N, was formed as metabolic end product.
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Fig. 17. Hypothetical involvement of N—O-compounds in alkane activation by strain HdN1. The scheme offers
an explanation for the inability of strain HANT1 to utilize n-alkanes with N,O alone. It is assumed that the uniden-
tified activating system introduces a functional group to the inert hydrocarbon compound using a small propor-
tion of NO, (orange arrow) or NO (red arrow) that is deviated from the respiratory chain. These N-O com-
pounds may be used for activation indirectly by yielding O, for a monooxygenases reaction, or by giving rise to
another reactive factor or enzyme centre or directly as co-reactants introducing a polar group. The alkyl residue
R’ may or may not be identical with the original residue R (depending on the activation mechanism and alkane
C-atom being attacked). FA, fatty acid; TCA, tricarboxylic acid cycle. Zedelius ef al., 2011.
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A reactive compound known to enable alkane activation is O, (via monooxygenases; Britton,
1984). The possibility for intra-cellular oxygen production and utilization are discussed below
and an overview of possible activation pathways is given in section B.5. Endergonic (energy
rich) electron acceptors can in principle decompose with release of O, by thermodynamically
feasible dismutation reactions (Table 2). While other reactions are purely hypothetical thus
far, chlorite dismutation has been shown experimentally (van Ginkel et al., 1996). Also NO
dismutation into N, and O, was proposed due to detection of 'O oxygen, the absence of a
N,O reductase from the genome (Ettwig ef al., 2010) and modifications to the potentially in-
volved NO reductase of this strain (see section B.2.3 and Ettwig et al., 2012). N,O as the
source for O, via dismutation (although thermodynamically feasible, see Table 2) is excluded

for strain HAN1 since N,O did not sustain anaerobic growth with alkanes.

Table 2. O, production by dismutation reactions of energy rich electron acceptors.

AG*(kJ (mol O,)™)

2 CIO;” — 2CI+ 30, - 853
ClO,” - CI+ 0, —148.4
4 NO; +4 H* — 2N, + 50, +2H,0 + 26.2°
4 NO, +4H" - 2N, + 30, +2H,0 - 552
2 NO - N, + 0, -173.1
2 N,O - 2N, + 0, —-208.4
2S04 +4H" — 2S + 30, +2H,0 +391.6°

a Nitrate and sulfate do not allow dismutation reactions yielding oxygen in an exothermic

fashion and are included only for comparison (grey).
Anaerobic alkane degradation with involvement of the electron acceptor in substrate activa-
tion has been described for strain Pseudomonas chloritidismutans — a strain that dismutates
chlorite (Mehboob et al., 2009). The O, from this dismutation was proposed to be employed
by a monooxygenase and alkane oxidation activity was observed in whole cells grown an-
aerobically with chlorate and n-decane (C;oHz,). Production of intracellular O, and its utiliza-
tion for anaerobic alkane activation was also proposed for ‘Candidatus Methylomirabilis oxy-
fera’, the first described methanotroph coupling methane oxidation to NO, reduction
(Raghoebarsing et al., 2006, Ettwig et al., 2010). Since formation of O, would suggest a simi-
lar ‘intra-aerobic’ (Ettwig et al., 2010) activation pathway, several attempts were made to de-
tect traces of O, in denitrifying cultures of strain HAN1 during growth with alkanes (discussed

in section B.3).
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By an unresolved mechanism, NOs; and NO, enabled growth with alkanes (while N,O did
not). This raised the question whether NO as subsequent denitrification intermediate could
enable growth with alkanes or not. Several attempts to grow strain HAN1 provided only with
NO as terminal electron acceptor failed. Either the applied concentrations (0.075%, v/v in the
gas mixture) of this radical compound were toxic (Zumft, 1993), or not high enough (0.05%,
v/v) to sustain a clear increase in cell density — the macroscopic indicator for growth. There-
fore a new approach was started circumventing these complications by adding small (non-
toxic) amounts of NO (gas saturated water) repeatedly to alkane cultures, where a large
amount of N,O was present. If NO enabled the activation reaction, reduction of N,O as bulk
electron acceptor would sustain oxidation of functionalized alkanes and thus a marked in-
crease in N, should emerge (principle of the experiment Fig. 18 A). This setup made it possi-
ble to test whether NO could initiate alkane activation, without the need to add large (toxic)
amounts of NO. If NO was simply respired, only stoichiometric amounts of N, would be
formed (ratio NO:N, = 2:1; see equation 6 page 38). Positive controls received either O, or
NO; . Alkane metabolism was clearly functional with NO, according to physiological ex-
periments. Since proteomic data showed that the same monooxygenases were present under
both aerobic and anaerobic conditions, I expected that added O, would be utilized for alkane
functionalization even with cells from anoxic cultivation. The negative control had the same
amount of N,O and alkane, but did not receive any additions to verify that the alkane metabo-
lism was not sustained with N,O alone and to show that no ambient gases were introduced
during acquisition of gas samples. The amounts of electron acceptors to be injected were cho-
sen so that twice as much NO, NOC-18 (3,3-Bis(aminoethyl)-1-hydroxy-2-oxo-1-triazene (a

slow-release NO-donor; structure see Fig. 18) or NO, was added to the cultures as O,.

Fig. 18. Structure of NOC-18. The two NO-moieties (blue) are slowly released.

Repeated additions of small amounts of NO, NOC-18, NO, or O, indeed caused more N»-
and CO,-formation than expected from respiration of NO alone (Fig. 19 B). Accordingly, the

reduction of N,O was stronger in these cultures than in the control. The observed changes
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were more pronounced with O, and NOC-18. The alkane activation, and thus N,O dependent
catabolism, was possibly very efficient from O, additions because expression of terminal oxi-
dases for oxygen respiration was probably low due to anaerobic cultivation. Since NOC-18
releases two NO moieties, an increase in N, and CO, that was significantly higher than from
NO-additions is not astonishing. The increases from NO- and NO, -additions were of compa-
rable magnitude. This suggests that their role in accepting electrons (2 ¢ for NO and 3 e for
NO;") was less important in this setup than their role in the initiation of the alkane catabolism.
Calculated amounts of N, and CO, from a hypothetical oxidation of hexadecane coupled to
NO-respiration (according to equation 6) were added to the curve of the negative control to
visualize the respective increases that would be expected if additions of NO were simply re-

spired and did not lead to alkane activation (Fig. 19 B).

2 CigHz4 + 98 NO — 32 CO, +49 N, + 34 H,O (6)

Overall the outcome of this experiment suggested that O,, NO, and NO could initiate alkane
activation. Presumably NO, had been reduced to NO before its utilization. Still, a complete
exclusion of NO; as the pivotal compound is not possible, since NO could in principle dis-

mutate yielding NO, and N,O according to eq. 7.

4NO + H,0 —» 2NO, +N,0 (AG® =-40 kJ molyo '; see Appendix S1 of Chapter D.3) (7)

Still, T favor NO as the actual functional compound (red arrow in Fig. 17) because of the ver-
satile reactivity of this radical (-:N::O::), the strongly exergonic nature of potential reactions,

and the presence of a phylogenetically particular type of NO reductase (discussed below).
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Fig. 19. Effect of low concentrations of NO on the utilization of n-hexadecane by strain HIN1 incubated with
N,O as main electron acceptor for anaerobic respiration.

A. Principle of the experiment. NO but not N,O allows alkane activation to a polar product (X, functional group)
which then allows respiration of the abundantly present N,O.

B. Amounts of formed N,, CO, and reduced N,O following five injections of NO or the NO donor NOC-18
(quantities indicated in pmol). Positive controls received O, or NO, while the negative control received no
additions. Experiments were performed in 156 ml serum bottles with 10 ml culture, 57 pmol (10 pl) -
hexadecane and 250 umol anoxic N,O. To ensure a metabolically active state that may better withstand adverse
NO effects than a ‘resting’ state, cultures had been provided with a small (20 pmol) amount of NO, directly
before the experiment (before time point zero, not shown). Additions were injected when N, or CO, production
with NO, had ceased (details in Appendix S1 of Chapter D.2). The increase of CO, and N, production by NO or
the NO-donor NOC-18 cannot be explained by their use only as respiratory electron-acceptors, but rather indi-
cates alkane conversion to a product metabolizable with N,O. Maximum amounts expected from a purely respi-
ratory use of NO (0.5 Np/NO; 0.327 CO,/NO) are visualized as dotted line. Duplicates yielded the same results
(not shown). Zedelius ef al., manuscript completed (2012).

B.2.3 The divergent NO-reductase of strain HAN1

The usual reductive route for nitrate metabolites would be expected for strain HAN1, since
NO; and N,O were found to be intermediates and all common genes for canonical denitrifi-
cation were detected in the genome (see section B.2.1). In contrast, presented physiological
results made it clear, that a specialized metabolism of N-O compounds is active in this organ-
ism on which its anaerobic n-alkane degrading capabilities depend. The strain grew with al-
kanes under anoxic conditions if it was supplied with NO;, but not if it had only N,O as elec-
tron acceptor. Despite the obvious physiological differences, the same was true for Ca.
Methylomirabilis oxyfera. Thus, if both organisms indeed shared a common pathway for an-
aerobic alkane activation (possibly via NO dismutation), the responsible enzymes were ex-
pected to show a conspicuously high level of similarity in these evolutionary unrelated spe-
cies due to a common function. Since a complete genome sequence was available for each
strain, identification of genes for candidate enzymes was attempted via comparative genom-
ics. All predicted protein sequences with more than 50 amino acids from both organisms and
794 other published bacterial genomes (a non-redundant set of all available complete ge-
nomes at NCBI; Sept. 2010) were included in this approach to assess the relative degree of
similarity between proteins of Ca. M. oxyfera and strain HAN1 against the largest possible

background (for details see Appendix S1 of Chapter D.3).

The two best scoring hits were a protein originally annotated as “nitric-oxide reductase,
subunit B” and a regulator protein that was located in genomic proximity in both strains. The
first qNor-like protein (gene locus tag HAN1F 02620) had two closely related homologues in
M. oxyfera (gene locus tags DAMO 2434 and DAMO_2437) that had been shortlisted as pu-
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tative NO dismutases before (Ettwig ef al., 2010). To avoid confusion from inconsistent nam-
ing and although NO dismutase activity has not been shown in enzyme assays, these three
enzymes will be called “Nod” in the following as suggested by Ettwig and coworkers (2012).
Also in strain HAN1 this protein had been identified during proteomic analysis with high
scores. The second protein featured a DNA-binding domain and a PAS-sensing domain that
was related to the well-known O, sensor FixL. A regulator with the appropriate sensoric ca-
pacity within genomic proximity strengthens the case for a novel pathway involving che-
mogenic O,. To assess the possibility that the identified qNor-like protein possessed a novel
catalytic function its phylogenetic affiliation was investigated and key amino-acid residues
were compared to those of canonical qNors. A phylogenetic tree was constructed with 536
representative amino acid sequences of heme-copper oxidases and the sequences from HdN1
and M. oxyfera (Fig. 20 A). The putative ‘nitric oxide dismutases’ formed a monophyletic
clade, branching off from the ubiquinol dependent nitric oxide reductases (qNor). This branch
was shared with proteins of Muricauda (Bruns et al., 2001), Cecembia and Indibacter (Kumar
et al., 2010, 2012), constituting an adjacent cluster. The metabolism of N—O compounds in
these species has not been investigated and the significance of their phylogenetic affiliation
with the putative dismutases is unclear. While the phylogenetic affiliation is only an indicator
of limited functional significance, key amino acid identities can indeed hold clues on a spe-
cialized function. Several highly conserved amino acids were substituted in the HIN1 and M.
oxyfera enzymes. In the active site, one of the twin-histidines (His246 in the canonical Para-
coccus enzyme) expected to be required for binding of the Feg (that binds the NO in typical
qNors; Matsumoto et al., 2012) was exchanged for an aspargine (alignment of helices VIII-X
adjacent the active site see Fig. 20 B). Also a threonin (Thr243) and a glutamate (Glu257) in
the proton channel, needed for H' transfer to the active site for NO reduction, were substituted
by an isoleucine and a glutamine. Finally, the key residues constituting the quinol-binding site
were converted to amino acids with dissimilar properties compared to the setup of the com-
mon Nors. As a result of these alterations, coordination of Feg could be impossible, while
either a different kind of metal or a bulky amino acid might be accommodated in its usual
spot. Also proton transfer to the active site and electron conduction from quinol could be hin-
dered or completely prevented, as was also found by Ettwig et al. (2012). In conclusion, these
internally consistent changes to conserved active site residues open the possibility that the

modified enzymes really perform a different function.
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Fig. 20. Phylogenetic relationships (amino acid level) of NO reductases. A. Phylogenetic relationships of NO

reductases and the reactions catalyzed. The candidate nitric oxide dismutases form a separate clade at the top.

Circles at nodes symbolize the following gamma20 likelihoods: open (>70%), half-open (>95%), filled (>98%).

Black triangles represent groups of canonical gNor and cNor protein sequences. B. Close up of part of the active

site region (Geobacillus stearothermophilus position 500-494 and Paracoccus position 186—280) showing
transmembrane helixes VIII-X and key conserved amino acids involved in the coordination of the Feg and the

water/proton channel. Zedelius ef al., manuscript completed (2012).
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Interpretations are complicated for strain HAN1 due to proteomic and physiological
findings. Only one of the three different NO-reductases detected during annotation of the
complete genome (see Appendix S1 of chapter D.2) was also identified during proteomic
analysis — the putative NO dismutase (HAN1F 02620). Neither the gNor (HAN1F 37100) nor
the cNor (HAN1F 20450) and thus no ‘typical’ NO-reductase was formed. Since the prob-
ability of a so far undescribed enzyme catalyzing the reduction of NO to N,O present in strain
HdNT1 (that would have been overlooked by proteogenomic analysis) is very low and since
N>O has been determined unambiguously as an intermediate during NO; metabolism, only a
dual function of the HAIN1 ‘Nod’ could explain our conflicting results. Thus, while the M.
oxyfera enzymes would represent ‘true’ NO-dismutases the HAN1 protein would in contrast
mainly function as NO reductase and only to a minor extent as a NO dismutase. Since only
one O, was needed for activation, this would be sufficient for growth with alkanes. Accord-
ingly this enzyme could be interpreted as a link between the classical NO reductases and NO
dismutases. Simplified representations of the enzymes described above and their respective

functions are depicted in Fig. 20 A.

If the quinol binding site was really non-functional in strain HAN1, the question arises
how electrons for NO reduction to N,O were possibly delivered to the enzyme. The gene for a
small membrane protein (HAN1F 02610) related to bss; cytochromes that was detected di-
rectly adjacent the HAN1 Nod gene, could be involved in electron transfer to the enzyme.
Since access of electrons is necessary for NO reduction, the hypothetical switch to NO dismu-

tation could be regulated by affecting the binding of such transfer proteins to the enzyme.

B.3  Trace oxygen detection

Detection of O, formation in HdN1 cultures could be an indicator for NO dismutation. Al-
though it cannot be completely excluded to be produced in metabolic reactions of energy rich
N-O species as a byproduct irrelevant for alkane activation, several techniques were applied
to find traces of O, as a potential key intermediate in the HAN1 alkane catabolism. First, an O,
microsensor (lower detection limit of about 1 pmol I"'; Revsbech, 1989) was inserted into a
glass cylinder via gas-tight fitting and filled with N»:CO,, into which an anaerobically grown
culture (in medium without reductant) was transferred. However, addition of NO or NO,™ did
not yield detectable amounts of O, (not shown). Secondly co-cultivation in brackish medium

was attempted with luminous bacteria (related to Photobacterium or Vibrio) representing a
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sensitive oxygen-biosensor, since the luminescence reaction is dependent on O, and the pro-
duced photons can be detected with high accuracy (Chance et al., 1978). But also with this
setup no O,-formation could be detected unambiguously. Third, a membrane-inlet mass-
spectrometrometer setup (MIMS; Kana et al., 1994; Ettwig et al., 2010) which analyzes dis-
solved gases extracted from liquid samples was used to study metabolic activity and for po-
tential detection of trace O,. The setup consisted of a spherical glass container in which the
culture was mixed by a magnetic stir bar and which was connected to a reservoir at the top.
Via gas tight tubing, the setup could be filled with anaerobic cultures avoiding contact with
air. A small liquid sample was constantly pumped to a tubular silicone membrane representing
the inlet of the mass spectrometer (details of the setup are described in Appendix E.4.4). The
abundance of several volatile compounds could be monitored simultaneously and in real-time.
During identification of the compounds by their masses ambiguities from dissimilar com-

pounds with the same masses had to be considered.

In first attempts, when only NO, or NO was injected into anaerobic cultures grown
with alkanes or fatty acids, O, was never detected (not shown). Since respiration and oxy-
genase activity would quickly reduce formed O, the absence of an electron donor was desir-
able. Thus, fresh cultures with alkanes (that had respired all added NO;™ and NO,") were pre-
incubated with N,O for two days to diminish stored organic intermediates (e.g. fatty acids or
wax esters) within the cells by N,O respiration — leaving the alkane substrate untouched. Un-
der these circumstances, if the appropriate N-O compound was added, the cells would have to
employ their alkane activating ‘machinery’ to enable further growth with N,O. But this pre-
paratory measure alone did not lead to O, detection. Furthermore, to slow down O, depletion,
acetylene was added as a potential inhibitor of monooxygenases (Hamamura et al., 1999;
Yeager et al., 1999). Since acetylene is also a long-known specific inhibitor of the N,O reduc-
tase (Kristjanson and Hollocher, 1980), the canonical pathway for N, formation was blocked
concomitantly. The experimental concept is shown in Fig. 21. Additions of NO were delicate
due to potentially toxic effects of this radical N-O species (Zumft, 1993). During a number of
experiments O, was either not detected upon NO addition or only at marginal concentrations
(< 0.5 uM) that vanished instantaneously. In contrast, upon addition of 50 uM NO," the con-
centration of O, (mass 32) increased to 2 uM and formed a plateau for over 20 min (Fig. 22).
This steady state can be interpreted as a dynamic equilibrium of formation and consumption.
Three different amounts of O, in water were added subsequently to verify consumption. The

pointed shape and short duration of the resulting O, peaks was so different from the peak fol-
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lowing NO, addition, that false positive results from inadvertent introduction of O, with the
anoxic NO,~ solution can be excluded. °N-labelled NO, (98% purity) was used to also ex-
amine the fate of the N-compounds. The tentative O,-precursor "N'°O (mass 31) increased
and decreased together with O,, but was detected only at very low concentrations. This sug-
gests that NO from NO; reduction is kept under close control, so that this potentially harmful
compound does not accumulate. As expected, mostly *°N,O formed via reduction of *N'°0
and accumulated due to the inhibition of the nitrous oxide reductase by acetylene. The slow
decline in **N,O concentration was explained by the constant liquid transport towards the
mass spectrometer leading to a steady dilution due to influx from the untreated reservoir. The
formation of *°N, concomitant with the observed O, production would be in line with the
dismutation of NO into N, and O,. Still it cannot be completely excluded that some residual

reduction of N,O to N, took place in spite of the added acetylene.

CoH,

32
Respiration €<— 100 ——> Monooxygenase

30 CHy w0
“15N15N' l 1SN'°N
31 / 46
5NO, = 15N 160 > 15N 15N 160
CoH,
45
— “15N14N 160’ P -
14N 15N 14”15”168 14N15N
30 ST 44 “~ C.H
14NO, == "14N16Q ) 14N14N16Q " 12
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P 1AN14N 14N14N '
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Fig. 21. Overview of the experimental concept for investigation of possible ‘chemogenic’ O, and volatile nitro-
gen species formed from NO, by tetradecane-grown cells of strain HIN1. The concept includes acetylene inhi-
bition of monooxygenase and N,O reductase, and fate of '*N-isotope label. The main reduction sequence is indi-
cated in bold lines. N, isotopologues possibly formed by residual activity of the acetylene-impeded N,O
reductase are also indicated (grey). Unlabelled N,O and N, are diluted in a large pool from pre-incubation. Zede-
lius et al., manuscript completed (2012).
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Fig. 22. Investigation of possible ‘che-
mogenic’ O, and volatile nitrogen
species formed from NO, by tet-
radecane-grown cells of strain HAN1.
Chemical species attributed to masses
of volatile compounds detectable by
membrane-inlet mass spectrometry
upon spiking of strain HIN1 with °N-
NO, (isotope purity, 98%). Detectable
‘chemogenic’ O, was consumed after
several minutes due to respiration.
Respiratory activity was also indicated
by consumption of subsequently added
O, from an aqueous solution. Prior to
the depicted experiment, cells had
been pre-incubated with N,O (to di-
minish organic storage compounds)
and acetylene (see text). Hence, there
was a high background of unlabelled
N,O and N,. Zedelius et al., manu-
script completed (2012).
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The curves for (unlabelled) **N, and **N,O were not shown due to high background from pre-
cultivation and in case of **N,O also due to interference with the signal from *C0, (a table
with some masses of compounds that potentially occur in biological MIMS samples and their
respective identities can be found in Appendix E.4.4). Although these results are in line with
putative anaerobic alkane oxidation with O, from NO dismutation, they do not prove this hy-
pothesis. It can not be excluded, that some *°N, was formed due to leaky inhibition of the
N,O-reductase and the detected O, could have originated from a by-reaction of an uncharted
kind of alkane activation with reactive N—O compounds not involving free O,. Metabolite
analysis from experiments with '*0 labeled compounds and activity assays with the putative

NO-dismutase could further clarify these unresolved questions.

B.4  Aliphatic hydrocarbon metabolism

B.4.1 Proteogenomic information on growth with n-alkanes

Strain HAN1 is able to utilize a wide range of alkanes under aerobic and anaerobic conditions.
Three monooxygenase genes were discovered in the genome: a cytochrome P450 alkane hy-
droxylase (ahpG2; HANIF 17560) a di-iron alkane monooxygenase (alkM; HANITF 04190)
and a flavin dependent alkane monooxygenase (HANI1F 14540). The formation of all three
was detected via shotgun proteomic analyses of cells grown aerobically or anaerobically with
n-tetradecane, while they were absent in cultures with tetradecanoate (for details, see Table S2
in the appendix of Chapter D.3). The detection of monooxygenase-formation under anaerobic
conditions (with high scores) was peculiar, but does not necessarily mean, that they were ac-
tive and responsible for anaerobic alkane activation. Their expression could simply be regu-
lated in dependence of the presence of alkanes. On the other hand, in cells grown aerobically
or anaerobically with 1-tetradecene, the di-iron monooxygenase was not synthesized (respon-
sible regulatory mechanisms were unknown), pointing to a more intricate regulation at least of
this enzyme. Thus a potential role of these enzymes in anaerobic alkane functionalization was

in the realm of possibility.

B.4.2 Growth with 1-alkenes

Strain HAN1 does not only degrade a wide range of saturated alkanes, but also some 1-alkenes

(olefins) which in chemical terms would be the result of terminal alkane dehydrogenation.
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Solubility in water is higher for alkenes and preliminary laboratory tests showed that they
were more volatile and absorbed faster to butyl stoppers than alkanes of the same chain
length. However if enough substrate was added, these properties did not constrain cultivation
markedly. Sometimes growth with 1-alkenes started only after a lag-phase. This effect could
be avoided by the application larger inocula taken from actively growing cultures. Metabo-

lism of 1-alkenes was usually as fast as with alkanes (Fig. 23).

Nitrate (miM)

Time (d)

Fig. 23. Metabolic activity measured as reduction of NO;™ (~ 10 mM) during

anaerobic growth of strain HdN1 in cultures supplemented with n-

hexadecane (@), 1-hexadecene (A), 1-hexadecanol () or 1-hexadecanoate

(palmitate; ).
Before the n-alkane activating mechanism via fumarate addition was discovered, it was dis-
cussed whether the anaerobic degradation of n-alkanes might be initiated via terminal desatu-
ration (an O, independent but endergonic reaction with NAD", McKenna and Kallio, 1965)
and subsequent addition of water to the double bond yielding a terminal or subtermial alcohol
(Rehm and Reiff, 1981; Watkinson and Morgan, 1990). Since it was clear from our results
with strain HAN1 and work with strain Hxd3 (Aeckersberg et al., 1998; Callaghan et al.,
2006) that anaerobic alkane activation does not necessarily depend on fumarate addition,
speculations on alternative biochemical pathways for 1-alkene degradation arose. The ques-
tion was whether 1-alkenes were activated at the saturated side (similar to alkanes) or at the

unsaturated side (activation at a ‘central’ carbon has not been described to date), so that the

reactivity of the alkene double bond could be exploited for a different kind of activation reac-

48



Results and Discussion

tion. But strain HAN1 did not grow, if it had 1-hexadecene and only N,O as electron acceptor
(not shown) implying that activation of alkenes also depended on NO (or NO,") and thus
could be similar to the activation of alkanes. To determine whether strain HAN1 was in gen-
eral able to activate terminal double bonds, 1,13-tetradecadiene (carrying a double bond at
both ends) was added to anaerobic cultures in a suite of growth tests (structures of unsaturated

alkane substrates are depicted in Fig. 24).

NSNS 1-Tetradecene ONAAIANANANAANANNZ  1,13-Tetradecadiene

PONANANANANASNN 1-Tetradecyne 1> NP P 1,2-Epoxytetradecane

Fig. 24. Structures of 1-tetradecene, 1-tetradecyne, 1,13-tetradecadiene, 1,2-epoxytetradecane.

In incubations with the pure alkyldiene, growth only started after a long lag phase,
whereas if it was added to a culture with n-tetradecane growth was impeded especially under
anaerobic, but also under aerobic conditions. Cultures with a fatty acid and the a,-diene on
the other hand grew well. Hence only growth with alkanes was affected. It remains unclear
whether strain HAN1 can degrade 1-alkenes anaerobically via activation of the unsaturated
side or not. The absence of growth with pure 1,13-tetradecadiene could be due to inhibition of
a reaction later on the catabolic pathway. Results from analysis of cellular fatty acids (for de-
tails go to B.4.4), and the absence of the al/kM monooxygenase in anaerobic cultures with 1-
tetradecene (detected via proteomic; not shown), point to a difference in the degradation

pathways of alkenes vs. alkanes that does not necessarily have to be the activation reaction.

Also 1,2-epoxytetradecane (structure see Fig. 24) inhibited growth with alkanes, but
like 1,13-tetradecadiene it was metabolized in these cultures in the long run. Inhibition was
even more pronounced with additions of 1-tetradecyne carrying a triple bond. Upon addition
of this alkyne, growth with alkanes was completely inhibited, but growth with fatty acids was
not affected. Results with added acetylene (HC=CH) as potential inhibitor for alkane activa-
tion and N,O reduction can be found in the appendix (Section E.1.4). Propylene (H;C-—
HC=CH;) for comparison did not inhibit anaerobic growth with alkanes or fatty acids (not

shown).
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Table 3. Growth tests with strain HAN1 and saturated or unsaturated alkanes or epoxides.

Electron  Growth ] Additionall) Growth®
acceptor  substrate substrate
Short Long
term®  term®

NO;~ 1-Decene (2% in HMN) (+) +
NO3;~ 1-Hexadecene + +
N,O 1-Hexadecene - -
O, 1-Tetradecene + +
NO;~ n-Tetradecane + +
NO;~ 1,13-Tetradecadiene — +
NO;~ n-Tetradecane 1,13-Tetradecadiene - +
NO3;~ Hexadecanoate 1,13-Tetradecadiene + +
O, n-Tetradecane + +
0O, 1,13-Tetradecadiene - n.d.
(o)) n-Tetradecane 1,13-Tetradecadiene (+) +
0O, Pentanoate 1,13-Tetradecadiene + +
NO;~ 1-Tetradecyne - -
NO5;~ n-Tetradecane 1-Tetradecyne - -
NO5;~ 1-Tetradecene 1-Tetradecyne - +
NO;~ Tetradecanoate 1-Tetradecyne + +
N,O 1-Tetradecanol 1-Tetradecyne + +
(o)) n-Tetradecane 1-Tetradecyne - n.d.
0O, Tetradecanoate 1-Tetradecyne + +
NO5;~ 1,2-Epoxytetradecane - +
NO5;~ n-Tetradecane 1,2-Epoxytetradecane - +
(o)) 1,2-Epoxytetradecane - +
(o)) n-Tetradecane 1,2-Epoxytetradecane - +

a If not indicated otherwise, the substrates were added in their pure form. Amounts were:
Liquid hydrocarbons ~10 pl, tetradecanoate 1 mmol I’1, pentanoate 3 mmol I’1, tetradecanol
~0.1 g.

b The same amounts of additional substrate and growth substrate were typically added.

c Growth was assessed as obvious turbidity indicated: + obvious growth, (+) little growth, —
absence of growth, n.d. not determined.

d Short term was a time of 4 to 7 days.

e Long term was a time of more than 7 days.
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Its addition to anaerobic cultures with alkanes did not lead to formation of propylene-
oxide (Prior and Dalton, 1985; not shown). Thus, an assay for '*O-labelled propylene from
80-H,0 and NO, ™ (Ettwig ef al., 2010) is not possible with strain HIN1. Results are summa-
rized in Table 3.

Apparently the double bond impeded the anaerobic activation reaction in strain HAN1
even though it was not toxic. Delayed growth could be explained by an enzymatic or abiotic
saturation of the double bond prior to activation and subsequent degradation. From literature
and from their proteomic detection in aerobic alkane cultures it was clear that monooxy-
genases were responsible for activation in the presence of O, (from air). These enzymes are
known to often form epoxides when they encounter alkenes (Leak et al., 1992 and ref.
therein). Formation of such alkyl-oxiranes that were not instantly degraded (possibly since
appropriate enzymes for epoxide reduction were missing) could be an explanation for these
observations. Epoxide-formation as potential evidence for the activity of monooxygenases
will be discussed in section B.4.3. Alkynes appear to be even more problematic for activation
reactions. Monooxygenases are known to be impeded or inhibited by addition of acetylene
(Hyman and Arp, 1988). Alkynes (as their long chain structural analogs) possibly even repre-
sent ‘suicide substrates’ (Abeles and Maycock, 1976) for the anaerobic alkane activating en-
zymes. Here too covalent bonds might be formed at the active site when the enzyme ‘tries’ to
functionalize them at the triple bond (Walsh, 1982). This might also be true in the case of the
(1-methylalkyl)succinate synthase (MAS) enzymes for anaerobic alkane activation since
growth with alkanes by strains HXN1 and OcN1 was inhibited by the addition of hexyne and
octyne respectively (Grundmann and Webner personal communication). Due to the latter find-
ing, inhibition of anaerobic growth by alkynes is not an appropriate tool to assess whether

strain HAN1 utilizes monooxygenases for anaerobic alkane degradation or not.

B.4.3 Attempts to establish an epoxide-assay for detection of monooxygenase activity

Several monooxygenases have been shown to oxidize 1-alkenes to the corresponding 1,2-
epoxides (Leak et al., 1992; Onumonu et al., 1994). Since growth of strain HANI1 on n-
tetradecane via monooxygenases (detected by proteomics; Table S2 in the appendix of Chap-
ter D.3) was impeded by 1,13-tetradecadiene in aerobic cultures with alkanes, the question
arose whether formation of epoxides could be the reason for this impediment. Substrate tests

showed that 1,2-epoxytetradecane did not sustain fast growth and thus was not quickly de-
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graded even in aerobic cultures (Table 3). If epoxides were formed from 1-alkenes and were
not degraded instantly, it could be possible to detect such alkyl-oxiranes as indicators for
monooxygenase activity. This epoxide assay could then be applied to test whether monooxy-
genases were also catalyzing anaerobic alkane activation in strain HAN1. If this was the case,
'0-oxygen could be traced due to exchange reactions (Friedman ez al., 1986) from labeled
water via NO, or NO into the epoxide-bond (compare Ettwig et al., 2010). In contrast to the
oxygen in a carboxyl-group, the oxygen within the epoxide bond is captured tightly and can-
not exchange (via enzymatic activity) with the surrounding water (compare Scheller et al.,

1998; de Bont et al., 1979).

Primarily, an aerobic whole cell assay for epoxide formation with 1-tetradecene was devel-
oped (details, see Appendix E.4.5) since it was obvious that under aerobic conditions
monooxygenases would be active that could potentially form epoxides from 1-alkenes. In first
trials only traces of epoxides were detected, but when ether extraction was repeated three
times and the pooled fractions were evaporated and re-dissolved, a distinct peak of 1,2-
epoxytetradecane could be detected via GCMS (Fig. 25). Sadly, all attempts for detection of
epoxide formation upon alkene addition to anaerobic HAN1 cultures failed or where at best
inconclusive (not shown). One reason for this could be a lower alkane functionalization activ-
ity in anaerobic cultures (which would also result in lower epoxide formation). This explana-
tion would be plausible, since growth rates (limited by the pace of the initial activation reac-
tion) are known to be higher with O, than with nitrate (Widdel and Musat, 2010), in line with
respective growth rates of strain HAN1. Other reasons could be a higher rate of epoxide deg-
radation in anaerobic cultures due to transformation reactions with N—O-compounds acting as
nucleophiles or activity of epoxide transforming enzymes only expressed under anaerobic
conditions. But an anaerobic activation of alkanes not involving monooxygenases would also
be a possible explanation that can not be excluded (despite of their formation shown via pro-

teomic analysis).
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Fig. 25. Detection (GCMS) of 1,2-epoxytetradecane in aerobic cultures upon addition of 1 pul 1-tetradecene. Also
detected and unambiguously identified were 1-tetradecene (peak frayed at top due to oversaturation) and the wax
esters tetradecyl-dodecanoate, tetradecyl-tetradecanoate, tetradecyl-hexadecenoate and tetradecyl-octadecenoate.
* Assignment of peak at 16.44 min as 13-tetradecenal was based on mass fingerprint only and thus preliminary
due to missing comparison of retention time with that of an authentic standard.

B.4.4 Analysis of cellular fatty acid and wax ester patterns

Since presumably all pathways for long- and medium-chain alkane degradation lead into the
fatty acid metabolism, building blocks for synthesis of cell membranes and in some cases for
storage compounds like wax esters (Rontani, 2010) can be diverted from catabolism. Thus,
the patterns of fatty acids found in membrane phospholipids can be analyzed (via preparation
of fatty acid methyl esters, FAMEs) to deduce characteristics of the initial biochemical steps
in alkane degradation. For example the comparison of such patterns in strain Hxd3 with pat-
terns from other anaerobic alkane degraders utilizing fumarate addition indicated that this

strain features a unique functionalization reaction (Aeckersberg, 1998; So et al., 2003).
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Growth with odd-chain alkanes led to fatty acids with mostly even C-chains and vice versa.
The addition of a C1-unit via carboxylation at the C3-position as the initial reaction has been
suggested to explain these observations (So et al, 2003). During fumarate
(HO,CHC=CHCO,H) addition, a C4—unit is added to the subterminal C of the alkane. Due to
the even number of the added carbon compound and subsequent C-skeleton rearrangement,
even-chain fatty acids are created from even chain alkanes and odd chain fatty acids from odd
chain alkanes. A similar result was obtained from analyses of the fatty acid patterns with odd
or even alkane substrates in strain HAN1 (Ehrenreich, 1996). Hence, an activation reaction
and a degradation pathway identical with that of strain Hxd3 can be excluded for strain HAN1.
Although fumarate addition was also ruled out for this strain, judging solely from the ana-
lyzed FAME patterns, the introduction of a functional group with an even carbon number (at
the C1- or C3-position) or an odd carbon number (at the C2-position) or no carbon at all is
conceivable (results from FAME analyses of strain HIN1 obtained previously are summarized
in Appendix Fig. E1). Examination of alkyl-groups detected in wax esters point to the intro-
duction of a functional group devoid of carbon or a loss of the added C—unit directly after
activation (see discussion below). The situation was different for growth with 1-alkenes, since
the lengths of carbon chains detected in cellular fatty acids of alkene grown cells were inde-
pendent of the chain-length of the growth substrate. Both 1-heptadecene and 1-hexadecene led
to the same FAME pattern dominated by acids with an even C—chain (Appendix Fig. E2).
This suggests that the anaerobic degradation of 1-alkenes was accomplished via a different

pathway and potentially involving a different initial reaction compared to that of n-alkanes.

Long-chain alcohols are the product of aerobic alkane oxidation by monooxygenases
(Britton, 1984). Thus it was not surprising to detect hexadecanol in aerobic hexadecane cul-
tures (not shown). If NO-dismutation yielding O, in anaerobic alkane cultures was indeed
taking place, such alcohols should also be produced by the monooxygenases present under
anaerobic conditions (detected via proteomic analysis). Still, none of our attempts to find
these alkanols in anaerobic cultures growing with alkanes by extraction of the organic com-
ponents with ether followed by GC or GCMS analysis was successful (not shown). However,
in an earlier work with strain HdN1, hexadecanol had been clearly detected in anaerobic
hexadecane cultures during FAME analysis (Ehrenreich, 1996). This apparent contradiction
could be explained, when unknown peaks with a high vaporization temperature that had ap-
peared during GC-measurement of samples then, now could be identified as wax esters that

hydrolyzed during the first step of the FAME preparation, releasing long-chain alcohols
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(Fig. 26). So the alcohols detected previously did not derive directly from monooxygenase

activity, but were released from waxes.

Since the free alcohol could not be detected in anaerobic cultures, could the presence of
wax esters (made up of an alcohol and a fatty acid) still be an indicator for monooxygenase
activity? In principle no, since such wax esters were also found in anaerobic cultures growing
with long-chain fatty acids (e.g. hexadecanoate; Fig. E7). It is well known from wax esters
synthesized by aerobic alkane degraders that the alcohol-moiety of wax esters always exhibits
the same chain length as the substrate alkane (see Fig. 26 and Stewart and Kallio, 1959),
while the fatty acid moiety is elongated or shortened by C,-units (an indicator of B-oxidation).
Although the same pattern was observed for strain HIN1 during anaerobic growth on alkanes,
it turned out that this was also true for growth on fatty acid and could therefore not be inter-

preted unambiguously as a hint on monooxygenase activity.

Although the amount of wax esters formed in anaerobic cultures growing with alkanes
might be higher than in cultures with fatty acids — which could possibly point to formation of
alkanols from alkanes even under anaerobic conditions — but this one-time observation awaits

further experimental substantiation in the future.

Intracellular lipid inclusions found in strain HAN1 can be compared to those found in
aerobic alkane degraders. Cells of Acinetobacter grown with n-hexadecane under air exhib-
ited inclusions of neutral lipids. These contained (in relative concentrations as %) wax ester
(50.5), free fatty acid (5.8), free fatty alcohol (17.6), triglyceride (5.7), diglyceride (6.9),
monoglyceride (1.3), n-hexadecane (12.0) as detected by Scott and Finnerty (1976). From
ether extractions and analysis of cells grown with n-tetradecane vapors, the fraction of pure n-

alkane is expected to be higher in strain HIN1 (not shown).
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Fig. 26. Wax ester formation in anaerobic n-tetradecane cultures of strain HAN1 detected during FAME analysis
via GCMS. Acid residues were either saturated (CX:0) or unsaturated (CX:1) mostly at the Co-position. FAMEs
released by hydrolysis from phospholipids and wax esters were also detected (grey).

During growth with Phenyl-alkanes (see also section B.4.5), phenylalkyl wax esters were syn-
thesized under aerobic and anaerobic conditions (results from GCMS analysis see Appendix
Fig. E11). Production of such phenyl-substituted waxes has been described only once previ-
ously in a culture of Rhodococcus opacus PD630 during aerobic growth with phenyldecane
(Alvarez et al., 2002). Cells of strain HIN1 also produced wax esters, when they were grown
with 1-alkenes. But no waxes (or FAMEs) with terminal double bonds were detected during
growth with 1-tetradecene (not shown) meaning that this terminal double bond was saturated

before their formation.

B.4.5 Analysis of metabolites from growth with 1-phenylalkanes

Since more than one century it is known, that fatty acids are degraded via B-oxidation. In his

classical work, Franz Knoop (1904) fed phenyl-substituted fatty acids with even or odd side

chain to dogs and later measured their degradation-products, phenylacetate and benzoate re-
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spectively in the dog-urine. It was concluded, that as many C,-units had been cleaved off as
the phenyl-ring allowed. Thierfelder and Klenk (1924) found that phenylalkanes gave the sa-
me products — apparently after initial w-oxidation of the alkyl side chain. The activity of the
B-oxidation pathway in strain HANT1 is evident from the principal enzymes identified via ge-
nomic and proteomic (not shown), so phenylalkanes were in this case used to indirectly inves-
tigate the activation reaction. They are well suited for this task, since only one side of the al-
kyl side chain is available for a terminal (or subterminal) activation reaction since strain
HdANT is not able to degrade aromatics (i.e. doesn’t grow with toluene or benzoate). Initial ®-
oxidation followed by B-oxidation yields benzoate from phenyltridecane and phenylacetate
from phenyltetradecane, when six C,-units are cleaved off successively (structures see

Fig. 27).

o

Phenyl- O/\)Lo
O\/\/\/\/\/\/\/ tetradecane Pheny|acetate
O\/\/\/\/\/\/\ Phenyl- 0 .

tridecane O\/ILO Benzoate

Fig. 27. Structures of phenylalkanes and phenyl-substituted carboxylic acids.

Benzoate had been detected as the only phenyl-substituted carboxylic acid in HAN1 cultures
grown with phenyltridecane under nitrate reducing conditions. It was not detected in sterile
controls or a control culture with hexadecane that had grown much faster (Ehrenreich, 1996).
Since in contrast to 16 years ago, not only phenyltridecane, but also phenyltetradecane was
commercially available, it was possible to compare metabolites formed during growth with
both phenylalkanes with oxygen and under nitrate reducing conditions. Cultures were grown
to high density and cells were removed from the aqueous medium by centrifugation and filtra-

tion before diluting it 1:10 prior to UPLC analysis.

In aerobic cultures, mostly benzoate was detected after growth with phenyltridecane and
mostly phenylacetate was detected after growth with phenyltetradecane (Fig. 28 A). These
metabolites suggest an aerobic degradation-pathway analogous to the classical one known for
n-alkanes via w-oxidation by a monooxygenases followed by two dehydrogenation steps and
leading to B-oxidation. Oxidation at the subterminal C would have led to the opposite out-

come.
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Surprisingly, not only phenyltridecane, but also phenyltetradecane led to an accumula-
tion of benzoate and only low amounts of phenylacetate were found in both anaerobically
grown cultures (Fig. 28 B; detected amounts see Fig. E12 in the appendix). From this result
with phenylalkanes, no conclusions can be drawn about the nature of the anaerobic activation
of neither the alkyl side chain nor n-alkanes. A schematic overview on how these results could
be explained with our current conception of strain HdN1’s alkane-metabolism (involving the
hypothetical NO-dismutation) can be found in the appendix (Fig. E13). Under anaerobic con-
ditions the degradation of even-chain phenylalkanes possibly does not stop at phenylacetate,
but removes another C;-unit by a-oxidation (decarboxylation). The different metabolites from
aerobic and nitrate-reducing cultures could stem from the expression of a different set of en-

zymes at each condition.
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Fig. 28. UPLC-analysis of the aqueous phase of HAN1 cultures grown with phenylalkanes under aerobic (A) or
nitrate-reducing (B) conditions presented as overlays of the chromatograms from cultures with 1-phenyltridecane
(black) or 1-phenyltetradecane (blue). Benzoate and phenylacetate were detected via UV-Vis spectroscopy at 210

and 230 nm respectively and identified by their retention times.

58



Results and Discussion

B.5 Possible pathways for anaerobic alkane activation by strain HAN1

The identity of the enzymatic ‘system’ for anaerobic activation has not been elucidated, but
the presented results allow speculations on its nature. Still a number of reactions are conceiv-
able and consistent with the experimental data. It is expected that the functional group is
added at the terminal or subterminal carbon. Two molecules of NO could be directly used by
an unknown mechanism to introduce an oxygen atom into the alkane. This could either in-
volve electrons for reduction of the nitrogen to N, thus also producing H,O (Fig. 29, A) or if
no external electrons are transferred to nitrogen, the reaction could produce N,O but no H,O
(Fig. 29, B). This kind of activation reactions are conceivable but remain completely specula-
tive since such a reaction has not been described to date. At least some conspicuous modifica-
tions to presently known enzymes would be expected to catalyze such a reaction (compare
Ettwig et al., 2012), but the three monooxygenase proteins detected by proteomic analyses did

not show any phylogenetic peculiarities among other canonical monooxygenases (not shown).

Another hypothetical activation mechanism involving high valent metal centers appears
to be more plausible since related pathways have been detected for anaerobic hydroxylation
(not involving free O;) of ethylbenzene and cholesterol by molybdoenzymes (Kniemeyer and
Heider, 2001; Dermer and Fuchs, 2012). Following this hypothesis, the NO is needed to ener-
gize the catalytic metal of a metalloenzyme (so that it carries a high valence state) to activate
a water molecule for hydroxylation of the alkane (Fig. 29, C). A related putative molybdoen-
zyme was detected in the genome of strain HANI. Its alpha and beta subunits showed 55%
and 31% amino acid sequence identity respectively with the alpha subunits and 64% and 52%
identity (calculated by BLAST; Altschul et al., 1990) with the beta subunits of the two above
mentioned cholesterol dehydrogenase of Sterolibacterium denitrificans and ethylbenzene de-
hydrogenase of Aromatoleum aromaticum strain EbN1. However reactive N-O compounds
were not indicated to play a special role in catabolism of these substrates and the HAN1 en-
zyme was not identified during proteomic analysis of HAN1 cells grown aerobically or an-
aerobically with alkanes or alkenes, practically excluding its involvement in anaerobic alkane
activation, since enzymes catalyzing such key reactions are expected to be highly expressed
during growth with the inert substrate. Thus due to our findings from physiological experi-
ments and proteome data, we favor the described hypothesis for dismutation of NO and usage

of the formed O, by monooxygenases for alkane activation (Fig. 29, D).

59



Results and Discussion

2 NO,

4[H]¢

0, === 2o, 2NO 2NO
- N

,<---- 2 NO > 2 NO
NZO

O 2 H* 2 [H]

Mem Me("+2)+

N0 o, m N

2[H] 2 [H] H,O
N, H,O0O |R— CHOH R' [R—CHOH—R/| R = Alkyl
H,0 R' = H, Alkyl

Fig. 29. Hypotheses of alkane activation with an NO;™ -derived N-O species based on the experiments presented
in this thesis. The scheme leaves open the site of alkane activation (primary or secondary carbon atom). The
main route of the nitrogen in nitrate is always its respiratory reduction to N, via the canonical denitrification
pathway (bold lines).

A. Part of NO as a reactive and endergonic (‘energy-rich") compound is directly involved in alkane functionaliza-
tion by an unknown enzyme and mechanism (purely speculative) requiring electrons. O, is formed in a by-
reaction and may be used to some extent, but its formation is not significant for the catabolism.

B. As A, but without requirement for electrons.

C. Part of NO is used by a special reductase that couples NO-reduction specifically to the generation of another
oxidant, a high-valent metal center. The metal center then introduces a hydroxyl group originating from water.
Again, O, is formed in a by-reaction without catabolic significance.

D. The presently favored mechanism. Part of NO is converted to N, and O,, the latter being used in a conven-
tional monooxygenase reaction. Zedelius et al., manuscript completed (2012).

B.6 Conclusions and outlook

Strain HAN1 has a unique kind of anaerobic alkane metabolism. Knowledge on characteristics
of its catabolism (e.g. range of degraded substrates) and anabolism (e.g. formation of wax
esters) was advanced in this work. Evidence from physiological experiments presented here
suggests that an N—O-compound (most probably nitric oxide) was diverted from the respira-
tory chain to enable the activation reaction, which involves the cleavage of a C—H bond of the
alkane and yields a functionalized product. Although further experimental substantiation is
necessary, results from MIMS experiments and comparative genomics hint on NO-
dismutation into N, and O,, the latter could be utilized by monooxygenases for alkane activa-
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tion. The detection of alkane monooxygenases synthesized during anaerobic growth with al-

kanes via proteomic analysis fits nicely to this hypothesis.

Future investigations on the alkane-physiology of strain HAN1 could involve deuterated
or C-labelled alkane substrates since mass-spectrometrical analysis of labeled products
could reveal additional structural information for deduction of the initial activation reaction.
The use of '*O-oxygen could allow for a deduction of the route of oxygen via N-O-
compounds (by exchange with labeled water; Friedman et al., 1986) and in case of NO-
dismutation for oxidation via monooxygenases into the alkane metabolites. The possibility for
such an ‘intra-aerobic’ (Ettwig et al., 2010) pathway could also be probed with help of stable
isotope fractionation assays again with deuterated or *C-labelled alkanes (Elsner, 2010). Val-
ues for the discrimination against heavy isotopes during anaerobic alkane degradation in
strain HAN1 could be compared to kinetic isotope effect values known from literature (Sun et
al., 2005, Kinnaman et al., 2007) as an indication on the nature of the applied activation

mechanism.

The development of a genetic system with strain HIN1 would be another promising ap-
proach since physiological hypotheses could be tested with mutants lacking key enzymes.
Obvious candidates for deletion are the monooxygenases and the putative NO-dismutase.
Since the strain is able to grow with a broad range of non-alkane substrates it would be viable
without a monooxygenase specific for the respective alkanes. In absence of the specialized
NO-reductase (the putative NO-dismutase, HAIN1F 02620) as the only NO-processing en-
zyme synthesized in anaerobically grown cells, this toxic compound would accumulate
quickly to lethal concentrations during denitrification. If none of the other two NO-reductases
would be upregulated in the absence of the NO-dismutase, a surrogate NO-detoxifying en-
zyme would have to be introduced (e.g. via an expression vector) additionally to test whether

anaerobic alkane degradation was possible without the putative NO-dismutase.

In case the hypothesis for NO-dismutation is correct, a number of recalcitrant substrates
could in principle be degraded by bacteria applying biochemical reactions so far considered to
be feasible only under aerobic conditions. The process could potentially be used for bioreme-
diation of recalcitrant pollutants and possibly in biotechnological applications involving O,

dependent reactions.
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D.1  Overview of the manuscripts

Alkane degradation under anoxic conditions by a nitrate-reducing bacterium with pos-

sible involvement of the electron acceptor in substrate activation

Johannes Zedelius, Ralf Rabus, Olav Grundmann, Insa Werner, Danny Brodkorb, Frank
Schreiber, Petra Ehrenreich, Astrid Behrends, Heinz Wilkes, Michael Kube, Richard Rein-
hardt and Friedrich Widdel

Author contributions

J.Z. and F.W. developed the concept with contributions by R.Ra.. J.Z. performed analysis of
phylogeny and microbial activity. O.G. and [.W. revealed fumarate addition in strain OcN1.
J.Z. conducted purity controls including microscopy and FISH. D.B. and J.Z. performed fatty
alcohol analyses. F.S. conducted O,-microsensor measurements. P.E. and A.B. investigated
catabolic stoichiometry and electron acceptors. H.W. performed metabolite analyses. M.K.,
R.Re. and R.Ra. sequenced and annotated the genome. J.Z. designed and performed physio-
logical gas measurements with contributions from F.W. F.W. contributed thermodynamic and

energetic aspects. All authors discussed the results. F.W. and J.Z. wrote the manuscript.

Is there a key role of NO in n-alkane activation during growth of a Gammaproteobacte-

rium (strain HAN1) by NO3™ respiration?

Johannes Zedelius, Marcel M. M. Kuypers, Ralf Rabus, Frank Schreiber, Friedrich Widdel

and Marc Strous

Author contributions

J.Z. and F.W. developed the concept with contributions by R.R. and M.S. J.Z. planned and
performed physiological gas measurements. J.Z., F.S. and M.M.M.K. designed and conducted
membrane-inlet mass spectrometry measurements. J.Z. revealed wax ester formation. R.R.
performed proteomic analyses. M.S. conducted comparative genome and gene product analy-
ses. F.W. contributed kinetic aspects as well as stoichiometric and ecophysiological considera-

tions of NO metabolism. F.W. and J.Z. wrote the manuscript with input from all authors.
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Summary

Microorganisms can degrade saturated hydrocarbons (alkanes) not only under oxic but also
under anoxic conditions. Three denitrifying isolates (strains HxN1, OcN1, HdN1) able to
grow under anoxic conditions by coupling alkane oxidation to CO, with NO3™ reduction to N
were compared with respect to their alkane metabolism. Strains HxXN1 and OcN1, which are
both Betaproteobacteria, utilized n-alkanes from Cs to Cg and Cg to Ci,, respectively. Both
activate alkanes anaerobically in a fumarate-dependent reaction yielding alkylsuccinates, as
suggested by present and previous metabolite and gene analyses. However, strain HAN1 was
unique in several respects. It belongs to the Gammaproteobacteria and was more versatile
towards alkanes, utilizing the range from Cg to Cso. Neither analysis of metabolites nor of
genes in the complete genome sequence of strain HAN1 hinted at fumarate-dependent alkane
activation. Moreover, whereas strains HxXN1 and OcN1 grew with alkanes and NO;~, NO,™ or
N,O added to the medium, strain HAN1 oxidized alkanes only with NO;~ or NO,  but not
with added N,O; but N,O was readily used for growth with long-chain alcohols or fatty acids.
Results suggest that NO,™ or a subsequently formed nitrogen compound other than N,O is
needed for alkane activation in strain HANI1. From an energetic point of view, nitrogen-
oxygen species are generally rather strong oxidants. They may enable enzymatic mechanisms
that are not possible under conditions of sulfate reduction or methanogenesis and thus allow a

special mode of alkane activation.
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Introduction

Saturated hydrocarbons (alkanes) as major constituents of petroleum (Tissot and Welte, 1984)
enter the environment via natural seeps or accidental spills, or due to the use of refined petro-
leum products. Furthermore, alkanes are wide-spread products of living organisms (Birch and
Bachofen, 1988). Aerobic alkane biodegradation, in particular the initial O,-dependent activa-
tion by monooxygenases, has been studied since many decades (Rojo, 2010). In recent years,
alkanes were also shown to be degraded anaerobically with nitrate (Ehrenreich et al., 2000;
Bonin et al., 2004; Grossi et al., 2008; Callaghan et al., 2009) or sulfate (Aeckersberg et al.,
1991, 1998; So and Young, 1999; Cravo-Laureau et al., 2004; Davidova et al., 2006; Knie-
meyer et al., 2007; Higashioka et al., 2009) as electron acceptor, or under conditions of
methanogenesis (Zengler et al., 1999; Anderson and Lovley, 2000; Jones ef al., 2008). The
only well-established mechanism for anaerobic activation of alkanes to date is the radical-
catalyzed addition to fumarate yielding alkylsuccinates (Kropp et al., 2000; Rabus et al.,
2001; Heider, 2007). Genes [designated mas, for (1-methylalkyl)succinate synthase; or ass,
for alkylsuccinate synthase] encoding the putative enzyme have been detected in a nitrate-
reducing (Grundmann et al., 2008) and a sulfate-reducing (Callaghan et al., 2008) strain. Still,
an alternative possibility for anaerobic alkane activation has been suggested on the basis of
cell fatty acid and isotope labeling analysis (Aeckersberg et al., 1998; So et al., 2003; Cal-
laghan et al., 2000).

Of three denitrifying strains, HxN1, OcN1, and HdN1, that were isolated with n-hexane,
n-octane and n-hexadecane, respectively (Ehrenreich et al., 2000), only the first one has been
formerly studied with respect to its alkane metabolism (Rabus et al., 2001; Wilkes et al.,
2002; Grundmann et al., 2008). A subsequent comparative study including the two other
strains revealed that also strain OcN1 formed alkylsuccinates during growth with alkanes and
harbored a gene apparently encoding the responsible enzyme. In contrast, alkylsuccinates
were not detectable in strain HAN1, and its complete genome sequence did not reveal any
gene likely to encode (1-methylalkyl)succinate or alkylsuccinate synthase. A unique physio-
logical characteristic of strain HAN1 was that it did not grow with alkanes if N,O was added
instead of NO3~, whereas growth with alcohols and fatty acids readily occurred with N,O. In
contrast, strains HXN1 and OcN1 grew well with N,O and alkanes. These findings suggest
that alkane activation in strain HAN1 differs principally from alkane activation in strains

HxNT1 and OcNI1 and requires an NO; -derived compound other than N,O.
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Results and discussion
Cultivation, phylogenetic relationships, morphology, and purity control

The focus of this study is on strain HAN1 and its apparently unusual physiology with respect
to n-alkane utilization. The isolation of strain HAN1 along with strains OcN1 and HxN1, a
few substrate tests, and the capacity for complete alkane oxidation in anoxic medium with
NO;™ have been documented previously (Ehrenreich et al., 2000). Unless indicated otherwise,
the strains were grown in conventional HCO; /CO;-buffered defined medium (Rabus and

Widdel, 1995) with alkanes as the only organic substrates.

The study of anaerobic microbial hydrocarbon utilization requires the strict exclusion of
traces of O, from air which through monooxygenases could lead to hydroxyl compounds (that
can be further degraded anaerobically). Hence, in addition to physical exclusion of air (Wid-
del and Bak, 1992), the presence of a reductant (“redox buffer”) is advisable. Unlike sulfate-
reducing bacteria that form a chemical reducing agent, sulfide, nitrate-reducing bacteria do
not produce a reductant. Addition of sulfide (or other reducing sulfur compounds) is inappro-
priate because it is easily oxidized in by-reactions of the “high-potential” nitrate reduction
pathway, or because it can inhibit denitrifiers (unpublished results). We therefore added
ascorbate (4 mM) as a mild reductant (Rabus et al., 1993; Ehrenreich et al., 2000; Widdel,
2010). Ascorbate did not serve as substrate for growth and nitrate reduction, as revealed in
control incubations with ascorbate alone. We also verified that ascorbate in our medium did
not scavenge nitrite, the intermediate of nitrate reduction, by chemical reaction. If sterile me-
dium with ascorbate (pH 7.2) and NaNO, (2 mM) was incubated for 10 days and analyzed by
ion chromatography (Rabus ef al., 1993), there was no noticeable decrease of the nitrite con-
centration. At low pH, reduction of the protonated form (HNO;) by ascorbic acid to yield ni-
tric oxide can be significant (Yamasaki, 2000). Furthermore, tests were carried out to exclude
an adverse physiological effect of ascorbate. Strain HIN1 was grown with n-tetradecane and
NO;™ or NO;™ in ascorbate-containing medium as well as in ascorbate-free medium deoxy-
genated by vigorous sparging with Nj. The cultures with and without ascorbate grew equally

well.

Strain HAN1 affiliates with the Gammaproteobacteria, whereas strain OcN1 and HxN1
are members of the Betaproteobacteria (Fig. 1). Most nitrate-reducing bacteria enriched and

isolated with various aromatic or saturated petroleum hydrocarbons are Betaproteobacteria
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(Widdel et al., 2010). Some denitrifying strains that degrade petroleum hydrocarbons are
Gammaproteobacteria; these also include alkane-degraders affiliating with Marinobacter sp.

(Bonin et al., 2004) and Pseudomonas balearica (Grossi et al., 2008).

98— Azoarcus evansii (X77679) \
Azoarcus toluclasticus (AF123077) *
Strain HxN1 (AF331975) *M
Strain PbN1 (X83532) *
Aromatoleum aromaticum EbN1 (X83531) *
Thauera aromatica (X77118)*

> Beta

Thauera phenylacetica (AJ315678)

Strain pCyN2 (Y 17285)

Strain OcN1 (AF331976) *M

78 Dechloromonas aromatica RCB (AY032610) *

Rubrivivax indolicus (AJ620346)
Azovibrio sp. BS20-3 (AF011349)
Methylophilus methylotrophus (L15475) )
Nitrosomonas aestuarii (AJ298734)

Legionella gratiana (Z49725)

100 Escherichia coli (X80725)
Vibrio sp. NAP-4 (AF064637) *
Alteromonas litorea (AY428573)
Moraxella bovis (AF005182)
Alcanivorax borkumensis (Y12579)
Marinobacter hydrocarbonoclasticus (X67022)
Pseudomonas oleovorans (D84018) Gamma
Pseudomonas syringae (Z76669)
Coxiella burnetii (D89791)

Strain HdN1 (AF331974) *
Ectothiorhodospira shaposhnikovii (AY974609)
Nitrococcus mobilis (L35510)

outgroup \ﬁi Allochromatium vinosum (FM178268)
Thiorhodococcus minor (Y11316)

10%

78

100

Fig. 1. Phylogenetic (16S rRNA-based) affiliation of strain HIN1 with selected Beta- and Gammaproteobacteria
including other strains able to degrade aromatic or saturated petroleum hydrocarbons with nitrate (*). Strains
able to degrade n-alkanes anaerobically are highlighted in bold; occurrence of (1-methylalkyl)succinate forma-
tion for alkane activation is also indicated (™). Bootstrap values (%; only >60% shown) were obtained after 1000
resamplings. Scale bar, 10% estimated sequence divergence.

The cell shape of strain HAN1 was unusually variable and significantly influenced by the
organic growth substrate (Ehrenreich et al., 2000). In particular long-chain alkanes caused
swelling of a large fraction of the cells. In such cells, spacious inclusions resembling storage
compounds could be seen at high magnification (Fig. 2A). However, polyhydroxyalkanoates
were not detectable (A. Steinbiichel, pers. commun.) by gas chromatography following acidic
hydrolysis and methylation of freeze-dried cells (Steinbiichel and Wiese, 1992). Cells in al-
kane cultures tended to grow in close contact with the overlying insoluble hydrocarbon phase.
The bulk of alkane-grown cells was buoyant, possibly due to association with or storage of
alkane droplets. Alkane storage and buoyancy is a phenomenon known from aerobic alkane
degraders (Scott and Finnerty, 1976). This behavior rendered harvesting by centrifugation

difficult. A minor fraction of the cells was motile.
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80

Fig. 2. Microscopic images of strain HANT.

A. Highly variable cell forms of strain HIN1 grown
anaerobically with hexadecane and nitrate. Phase
contrast micrographs of viable cells. Bar, 5 um.

B. Cells from a pure culture of strain HIN1 hybrid-
ized with a specific 16S rRNA-targeted oligonu-
cleotide probe and stained with DAPI. The image
represents an overlay of the probe and the DAPI
signal. Bar, 5 um.

C. Mixed cells of strains HIN1 and OcN1 hybrid-
ized, stained and visualized as in B. Bar, 5 pm.
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Thorough purity tests excluded that cell heterogeneity in cultures of strain HIN1 was due
to accompanying microorganisms. First, repeated aerobic and anaerobic (with NO3") liquid
dilution series (according to the most probable number technique) were carried out separately
with n-tetradecane or n-valerate (n-pentanoate). All cultures derived from the highest positive
dilution tubes were indistinguishable with respect to cell shapes and always able to use both,
tetradecane and valerate. Second, cultures were streaked on agar plates containing valerate
and yeast extract and incubated in a jar under air with 3% CO,. All well separated valerate-
grown colonies transferred to anoxic liquid media grew again with tetradecane, and cultures
had the microscopic appearance as before. Third, strain HAN1 was mixed with strain OcN1,
and a specific 16S rRNA-targeting fluorescent oligonucleotide probe (Appendix S1) was ap-
plied. Whereas in the pure culture all cells exhibited the specific hybridization signal (Fig.
2B), the mixed culture contained in addition the expected non-hybridizing cells that exhibited
only the general fluorescent stain (Fig. 2C). Hence, strain HAN1 is in principle distinguishable

from contaminants by specific probing.

Anaerobic growth tests with alkanes and alkanoates

The capability of strain HAN1 for complete hexadecane oxidation with nitrate according to
5Ci¢Hss + 98 NO; + 18 H" — 80 HCO5 ™ + 49 N, + 54 H,O has been verified formerly with
small, precisely quantifiable amounts of alkane (Ehrenreich et al., 2000). In all subsequent
experiments, significantly higher amounts of alkanes were added than could be oxidized by
the electron acceptor (10 mM NOs"). In this way, a large contact area between the insoluble
hydrocarbon and aqueous phase was provided which favoured growth (Widdel, 2010). Al-
kanes with carbon chains <C,(, were provided as solutions in 2,2,4,4,6,8,8-heptamethylnonane
(HMN) as an inert carrier phase to avoid toxic effects (Appendix S1). Further growth tests
revealed that strain HAN1 utilized n-alkanes from Cg (n-hexane) to Csy (n-triacontane) as car-
bon sources and electron donors (Cg to Cyg, Caa, Cag, Cag, C30, C36 and Cy tested). Fastest
growth was observed in the range from Cj4 (tetradecane) to C,g (octadecane). With an inocu-
lum size of 1% (v/v), full growth and complete NO3;~ consumption occurred within seven
days. A doubling time of 11 — 13 h during early growth was estimated from an analysis of the
nitrate consumption curve (see also Ehrenreich et al., 2000). (Inhomogeneous growth and
alkane droplets prevented measurement of the optical density as a growth parameter.) Growth

with alkanes of shorter or longer chains was slower (two- to threefold time required for full
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growth and NO;3~ consumption). The other strains, HxN1 and OcN1, utilized a significantly
narrower range of alkanes, which was from Cs to Cg (n-octane) and Cg to C, (n-dodecane),
respectively. Also alkane-utilizing sulfate-reducing bacteria utilized a narrower range (Rueter

et al., 1994; Aeckersberg et al., 1998).

Strain HAN1 utilized monocarboxylic acids (sodium salts; method of preparation and
addition given by Widdel and Bak, 1992; see also Appendix S1) from acetate to stearate (C, —
Cis; higher fatty acids not tested), with best growth (roughly twice as fast as with alkanes)
with valerate (Cs) and with fatty acids from n-decanoate (Cjo) to stearate. Some primary linear
alcohols were also tested (Cs and Cjo provided as solutions in HMN; Cy4 and C;6 added as
solid compounds). Strain HAN1 grew well with 1-decanol, 1-tetradecanol and 1-hexadecanol,

growth with 1-octanol was poor, and no growth occurred with ethanol.

Growth tests with different electron acceptors

All three strains grew also aerobically with alkanes. Examination of strain HAN1 in more de-
tail revealed that almost the same range of n-alkanes (and fatty acids) was oxidized with O; as
in anoxic cultures with NO3™. Only n-hexane was not utilized so far with O,. Another slight
difference between aerobic and anaerobic alkane utilization was observed if cultures grown
with hexadecane were transferred to medium medium with tridecane (C,3) or dodecane (C»).
Whereas aerobic cultures grew immediately with the lighter alkanes, anaerobic cultures ex-

hibited a lag-phase of >10 days.

The transient formation by strain HIN1 of NO, (not shown) and N,O (Fig. 3A, B, lower
curves) at low concentration during NO;3  reduction and the detection of N; in all cultures
grown under an argon atmosphere indicated the common denitrification pathway. To further
examine the capability for efficient use of NO, ™ and N»O, these electron acceptors were tested

individually in the absence of NOs .

Growth with alkanes also occurred with added NO, , but was slightly slowed down if
more than 5 mM NO, was added. Furthermore, a lag phase of ca. two days was sometimes

observed after inoculation of new medium with NO, ™.
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Fig. 3. Time courses of the formation of N,O (A,B), N, (C,D) and CO, (E,F) in anaerobic cultures of strain
HdNT1 with n-hexadecane (A, C, E) or palmitate (B, D, F). The electron acceptors were added in stoichiometri-
cally limiting amounts (100 pmol NO;™; ca. 250 umol N,O) relative to the electron donor (171 pmol hexadec-
ane, advantage of large excess explained in text; 10 pmol palmitate). Results show that alkane oxidation to CO,
was not possible with N,O, but readily occurred with NO; ™. The functionalized compound, palmitate, was oxi-
dized with N,O. Duplicates yielded the same results (not shown). Culture volumes of 10 ml (phosphate-buffered
medium, pH =~ 7.1, without addition of NaHCOs; Appendix S1) were incubated in 165-ml serum bottles under an
argon headspace. N,O was injected as pure O,-free gas. Cultures were very gently shaken for a few minutes per
day. Vigorous shaking had to be avoided because it impeded growth. Samples from the headspace were analyzed
with a gas chromatograph employing argon as carrier gas and a thermal conductivity detector. The calculated
dissolved amounts of gases were added so as to obtain the total amounts in the bottles. Calculation was based on
literature data (Stumm and Morgan, 1995; Wilhelm et al., 1977), assuming equilibrium (which may not have
been fully reached due to limited agitation) and considering pH in the case of CO,.
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Surprisingly, strain HAN1 did not grow with alkanes in the growth tests with N,O. In
accordance with the lack of growth, N,O was not consumed (Fig. 3A, upper curve), and N»
(Fig. 3C) or CO;, (Fig. 3E) were not formed. In contrast, growth with 1-tetradecanol,
1-hexadecanol or fatty acids was possible with added N,O, and consumption of N,O (Fig. 3B)
as well as formation of N, (Fig. 3D) and CO; (Fig. 3F) was obvious.

A minor formation of N, from N,O during incubation with hexadecane can be explained
by reduction with an endogeneous electron source in the inoculum. The formation of N, from
N,O requires only 2 e, whereas formation of N, from NO;™ requires 10 e from an electron
donor. The lack of alkane utilization with N,O was not due to specific inhibition. The same
amount of N,O added to a culture with hexadecane and NOs~ did not inhibit growth. For
physiological comparison, strains HxN1 and OcN1 were also incubated with N,O as the only
electron acceptor and utilizable alkanes (n-hexane and n-octane, respectively). These strains
were able to grow with N>O and alkanes. Results are summarized in Fig. 4. The inability for

coupling alkane utilization to N,O reduction is apparently unique for strain HAN1.

Other electron acceptors tested (concentrations in mM) but not utilized were sulfate (15),
thiosulfate (5), sulfur (added as slurry), fumarate (10), and perchlorate (10). Toxic effects

were excluded in controls containing in addition NOs; . In contrast, chlorate was toxic.
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Fig. 4. N, formed in anaerobic cultures of strains HAN1, HxN1,and OcN1 with alkanes (black bars) or fatty acids
(striated bars) and either NO;~ (100 pmol) or N,O (250 pmol). A control experiment with strain HAN1 for ex-
cluding N,O-toxicity received both, NO;™ and N,O. Here, more N, was formed than with NO;™ alone. This indi-
cated that not only NO;™ but also N,O was used in the anaerobic respiratory chain if alkane degradation was
enabled by NO;~. Data show that strain HdN1 could not use N,O alone for alkane degradation, in contrast to the
other strains. Culture volumes of 10 ml were incubated in 20-ml butyl-rubber sealed tubes. Strain HIN1 received
171 pmol pure n-hexadecane, or 10 pumol palmitate. Strain HxN1 received 38 pmol n-hexane (in 100 pl hep-
tamethylnonane as carrier), or 30 pmol caproate. Strain OcN1 received 31 pmol n-octane (in 100 pl heptame-
thylnonane), or 30 umol caproate. Tubes were incubated nearly horizontally while contact of the hydrocarbon
phase with the stopper was avoided (Widdel, 2010) as far as possible. Gas samples were withdrawn 11 days after
inoculation and analyzed (triplicates) as indicated in Fig. 3.

Search for metabolites and genes involved in alkane degradation

Investigation of metabolites and genes involved in alkane degradation via addition to fu-
marate have been reported for strain HXxN1 (Rabus et al., 2001; Wilkes et al., 2002; Grund-
mann et al., 2008). The presently performed metabolite analysis of strain OcN1 upon growth
with n-octane and NOs; revealed (1-methylheptyl)succinate (extraction, methylation and
analysis as in Rabus ef al., 2001; Wilkes et al., 2003), again indicating an activation via addi-
tion to fumarate. In contrast, alkyl-substituted succinates were never detectable in cultures and
cells of strain HAN1. Another product searched for [by gas chromatography-mass spectrome-
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try of extracts silylated with N,O-bis(trimethylsilyl)acetamide; Appendix S1] in anaerobic
n-hexadecane cultures of strain HAN1 was 1-hexadecanol. If air was strictly excluded and if
the culture was inactivated by heat (85 °C; Rabus et al., 2001) before extraction,
1-hexadecanol was not detectable. In contrast, 1-hexadecanol was detected if the anaerobi-
cally grown culture was exposed to air for 20-30 min (data not shown). Such 1-alkanol for-
mation is a long-known indicator of monooxygenase activity (Britton, 1984). Metabolite
analysis in anaerobic alkane degraders with facultative aerobic metabolism thus requires care-

ful avoidance of artifacts due to reaction with O, from air.

The gene possibly encoding the alkane-activating enzyme in strain OcN1 was retrieved
via polymerase chain reaction with degenerate primers for mas and ass genes, generation of a
probe and screening of a genomic library, similar as described for strain HxN1 (Grundmann et
al., 2008). The derived amino acid sequence (accession no. FN675935) revealed close rela-
tionships (Fig. S1) to the orthologue from strain HxN1 (Grundmann et al., 2008) and a sul-
fate-reducing bacterium (Callaghan et al., 2008). Attempts to amplify in an analogous manner
mas- or ass-like genes from strain HAN1 failed. Therefore, a shotgun genomic library of strain
HdAN1 was established. This allowed assemblage of the complete genome sequence
(4,587,455 bp; 3,762 coding sequences; accession no. FP929140; for some more details see
Table S1). But neither this revealed mas- or ass-like genes (Table S2).

These findings suggested that the mechanism for alkane activation in strain HAN1, which
has to involve the cleavage of a strong, apolar C—H-bond, differs basically from the mecha-

nism with fumarate as co-substrate in the two other strains.

Linkage of alkane activation in strain HAN1 to the nitrate reduction pathway?

The distinctive results of the incubation experiments with either alkanes or functionalized (O-
group-containing) substrates and N,O may offer a clue as to how strain HAN1 could initiate
alkane degradation under anoxic conditions. The electron acceptor tests with functionalized
electron donors as well as identified genes (Table S3) indicate that strain HAIN1 employs the
common reduction sequence (NO;~ — NO,  — NO — N,O — N3), viz. is in principle able to
readily reduce N>O. Also during growth with alkanes as organic substrates and NOs™ or NO,~
as electron acceptors, N,O must have been a regular intermediate because N, rather than N,O

was the end product. However, N,O added alone did not allow growth with alkanes. An early
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reaction during alkane utilization must thus depend on an N-O-species other than N,O. The
early reaction could be the biochemically crucial activation of the alkane. The required N-O-
species cannot be NO;3~, because growth with alkanes was also possible if NO,  was added
instead of NO3 ™. Hence, NO, or NO (or a so far unknown product from NO,™ reduction) may

be essential for alkane activation. The basic hypothesis is depicted in Fig. 3.
R\/\ NO,
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FA metabolism

Lipid synthesis
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Fig. 5. Hypothetical involvement of denitrification intermediates in alkane activation. The scheme offers an
explanation for the inability of strain HAN1 to utilize n-alkanes with N,O alone (see Figs. 3 and 4). It is assumed
that a small proportion of NO,™ or NO is deviated from the respiratory chain for alkane activation. They may be
used for activation indirectly (by yielding O, that is used by alkane monooxygenase; or by giving rise to another
reactive factor or enzyme center) or directly (as co-reactants introducing a polar group). The alkyl residue R'
may or may not be identical with the original residue R (depending on the activation mechanism and alkane
C-atom being attacked). FA, fatty acid; TCA, tricarboxylic acid cycle.

In further experiments, added NO (prepared from acidified NaNO, and KI; Schreiber et al.,
2008) turned out to be very toxic so that application of concentrations sufficient to achieve
measurable growth was not possible; NO at a partial pressure of ca. 75 Pa [0.075% (v/v) in

gas mixture of ambient pressure] in the headspace completely inhibited growth with NOs™. At
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a partial pressure of 50 Pa (0.05%) NO did not completely inhibit growth with NO;™, albeit
growth was retarded. To test whether such still tolerated NO concentration is sufficient to ini-
tiate alkane degradation and in this way allow growth, 500 ppmv NO was provided together
with N,O (17 mmol 1), the latter serving as main electron acceptor for anaerobic respiration.
However, growth was not observed unless NO;~ was added. It thus remains elusive whether
NO; or NO (or an unknown NO; -derived species) is actually required to initiate alkane deg-

radation.

From a thermodynamic point of view, an involvement of N-O-species in alkane activation
under anoxic conditions is an appealing hypothesis. N-O-species other than NO;™ (Fig. 6A)
are all metastable (Garrels and Christ, 1965; Thauer ef al., 1977) and represent or can provide
strong potential oxidants; this property could be enzymatically exploited to achieve alkane
activation. An indirect use to form another reactive compound as well as a direct use of an

N-O-species can be envisaged.
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Fig. 6. Some energetic aspects of N-O-species. Graphs are for the following activities or fugacities: {NO;},
{NO,7}, {NH; (2)}, {NH,'} = 107 {N, (2)} = 10™' (78% in air); {0, (2)} = 1077 (21% in air); {H,} = 1;
{NO (g)}, {N,O (g)} = 10™** (approximately corresponding to dissolved concentrations monitored under natural
conditions; Schreiber et al., 2009).

A. E-pH (stability, Pourbaix) diagram of the system H-N-O. Only the lowest and highest oxidation states, NH,,
NH; and NO;™ are thermodynamically stable. Other metabolically formed inorganic N-compounds are metasta-
ble (endergonic; e.g., eq. 1, 2) and can, in principle, spontaneously decompose (dismutate) into the species (in-
cluding O,) depicted in the diagram. Endergonic N-compounds can be metabolically formed because they appear
as co-products besides H,O (from reductive O-elimination).

B. Electrochemical half-reactions (including hypothetical ones) of N-O-species and O,. If an endergonic
N-compound does not react via dismutation (e.g., eqn. 2, 3) but in an electrochemical half-reaction (yielding the
same product as dismutation), this half-reaction has a higher redox potential than that of O,/2H,0 (E°’ = +0.815
V). Again, this does not contradict the fact that NO;™ and NO,™ originate from a microbial oxidation process with
O, (see under A; also, the reaction sequence in nitrification is different: NH,'/NH; — NH,0H — NO,"). Gener-
ally, the redox potentials (E;) of subsequent reduction steps (i = 1, 2, ... m) of an overall reduction with free
intermediates are linked to an average redox potential (E,,) according to (n,E; + n,E, + ... + nyE)/ng = Euys 1
is the number of electrons involved in an individual step and n, the total number of electrons. E,, is connected
to the total free energy change, AG,y, of the overall reduction with an electron-donating reaction of the redox
potential Ey,, according to E,, = —AGyy/(nyo F) + Egon, with F = 96,485 C mol™' (explanation in Appendix S2).
E,, of 2NO; /N, marks the borderline between the stability regions of NO;™ and N, in the E-pH diagram (panel
A). In a real metabolic process, a strong oxidant formed in a reduction sequence can only appear as free interme-
diate if its further reduction is enzymatically controlled and if unspecific reactions with reductants are slower or
do not take place. Also, overall irreversibility is required, but this is naturally given (in an equilibrium system,
redox pairs with different redox potential, e.g. NO;/ NO,™ and NO, /NO, cannot co-exist).

Calculations are based on standard free energy data (Garrels and Christ, 1965; Thauer et al., 1977). Derived
standard redox potentials at pH = 7 (E®'/V): NO;/NO,, +0.431; 2NO;3 /N,, +0.747 (av); NO, /NO, +0.347,
2NO; /N,, +0.958; 2NO/N,0, +1.172; 2NO/N,, +1.264; N,O/N,; +1.355.
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One mode of indirect use of NO,™ and NO could be their dismutation (formally an “internal”

reduction of N and oxidation of O) leading to O,, according to the following equations:
4NO, +4H" - 2N, +3 0, +2 Hy0; AG®'=-55.19 kJ (mol O,)” (1)

2NO — N, + Oy; AG® =—173.14 kJ (mol O,)™" (2)

O, could then be used for an alkane monooxygenase reaction (alkane hydroxylation). Also
N0 can in principle lead to O; [2 N,O — 2 Ny + Oy; AG® = -208.4 kJ (mol 02)_1], but the
present results exclude its use for an initiation of alkane degradation. There is indeed evidence
for O, formation at very low concentration during NO, reduction in a methane-utilizing en-
richment culture dominated by 'Candidatus Methylomirabilis oxyfera'. The enrichment grew
under exclusion of air and depended on NO,™ addition (Ettwig et al., 2010). %0, formation
from N'®0,” (indirectly labeled through H,'*0) became detectable upon specific inhibition of
methane monooxygenase. NO dismutation (eq. 2) was suggested as the underlying mecha-
nism. Neither were NOs3~ or N,O reduced, nor did the genome of the dominant bacterium har-
bor typical N,O-reductase genes. Results therefore suggested that NO dismutation was a main
reaction during NO, ™ reduction in 'Candidatus M. oxyfera'. An earlier example of a metasta-
ble inorganic oxo-compound enabling biodegradative reactions through O, formation is chlo-
rite, an intermediate of microbial chlorate reduction (ClO;” — CI” + Oy; AG®' = -148.4 kJ
mol™'; Ginkel ef al., 1996; Chackraborty and Coates, 2004; Tan et al., 2006; Weelink et al.,
2008; Mehboob et al., 2009a, b). The presently investigated alkane-degrading strain HAN1
differs metabolically from 'M. oxyfera' in several respects. Strain HAN1 does not utilize meth-
ane, grows with NOs™ and obviously involves the conventional reduction sequence via N,O to
Ny. If strain HAN1 would employ NO, - or NO-derived O,, the demand per hydrocarbon
molecule utilized would be much lower than in ' Candidatus M. oxyfera'. Long-chain alkane
activation would require only a minor withdrawal of NO, or NO from the respiratory path
that mainly leads to N, through N,O. For instance, n-hexadecanol resulting from oxygenation
of n-hexadecane (C;sH3;CH;3; + O, + 2 [H] —» C,5H3,CH,OH + H,0) yields as many as 96 [H]
(CisH3;CH,OH + 31 H,O — 16 CO; + 96 [H]) per substrate molecule. With 2 [H] consumed
for activation, each oxygenation event thus leaves 94 [H] per C;cH34 for respiratory energy
conservation. In contrast, each oxygenation event in methane utilization provides only 4 [H]
per CHy for respiration. According to genomic data, strain HAN1 may form a di-iron

monooxygenase, a P450-type monooxygenase and possibly a third type of monooxgenase
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(Table S3). Multiple monooxygenases are not uncommon in aerobic alkane degraders (Rojo,

2010).

O, formation could not be detected so far in strain HIN1. We mixed a culture of strain
HdN1 with a culture of luminous bacteria (isolated from herring using glycerol-peptone me-
dium; Farmer and Hickman-Brenner, 2006) as sensitive O, indicators (Chance et al., 1978);
both cultures had been adapted to brackish water (180 mM NaCl and 20 mM MgSO4) me-
dium. After extinction of luminescence due to oxygen consumption, neither addition of nitrate
nor of nitrite or NO-saturated water caused the luminous reaction to resume (whereas air did
immediately). Neither was oxygen detectable by means of an O,-microelectrode (lower detec-
tion limit, 1 uM; Revsbech, 1989) in cultures supplied with NO,™ or NO. Nevertheless, results
do not rule out O; as an intermediate. A very low production rate and effective scavenging by
alkane monooxygenase and competing respiratory enzymes (if present under anoxic condi-
tions) such as high-affinity chbs-type oxidases (Pitcher and Watmough, 2004; predicted for
strain HAN1; Table S5;) could maintain the O, concentration below detection level. Also, the
produced alcohol may be consumed effectively by the subsequent reaction. Only upon sudden

exposure to air, the anaerobically grown cells accumulated n-hexadecanol (see above).

The slight differences between the growth tests under oxic and anoxic conditions with
alkanes of various chain lengths (see growth tests with different electron acceptors) do not
necessarily contradict the hypothesis that monooxygenases are used under oxic as well as un-
der anoxic cultivation conditions for alkane activation. There might be slight differences with
respect to chain length specificity between the monooxygenase(s) formed in aerobic and deni-

trifying cultures.

Still, also other modes of an indirect use of N-O-species for alkane activation can be en-
visaged. For instance, they may serve as high-potential (strongly oxidizing) electron acceptors
(half reactions in Fig. 6B) to generate by electron withdrawal an oxidized, active (reactive)

state of a factor or an enzyme site involved in alkane activation.

Another hypothesis would be the direct involvement of an N-O-species in the activation
reaction of the alkane. This would probably require a delicate mechanism. A direct biochemi-
cal linkage of the disintegration of an N-O-species to C—H-bond cleavage and formation of a

functionalized product from an alkane would probably require an intricate mechanism.
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Concluding remarks

In conclusion, results suggest a mechanistic alternative to the fumarate-dependent reaction for
anaerobic alkane activation. Also a sulfate-reducing bacterium, strain Hxd3, metabolized
long-chain n-alkanes obviously via an initial reaction different from that in other anaerobic
alkane degraders (Aeckersberg et al., 1998; So et al. 2003; Callaghan et al., 2006). This raises
the question whether nitrate-reducing strain HAN1 and sulfate-reducing strain Hxd3 employ
basically the same reaction or different reactions to initiate alkane degradation. If they would
employ essentially the same fumarate-independent activation reaction, strain HAIN1 cannot
involve an N-O-species or derived O, directly because they are excluded in strain Hxd3; the
sulfate reducer was grown without nitrate. Also other ways to generate O, are essentially ex-
cluded in sulfate reducers; sulfate and its metabolites are all thermodynamically very stable
and represent very weak oxidants. Hence, alkane activation by the same basic mechanism in
strains HAN1 and Hxd3 would imply that the denitrifier uses an N-O-species or O, only indi-
rectly to generate an alkane-activating factor, whereas the sulfate reducer would generate the
same type of factor in a different manner. If strains HAN1 and Hxd3 use different mechanisms
for alkane activation, which is more appealing to assume, the reaction in strain HAN1 would
represent a third type of alkane activation under anoxic conditions, besides the fumarate-
dependent mechanism and the speculative mechanism in strain Hxd3. More refined physio-
logical experiments (preceded by an improved method for harvesting the buoyant cells asso-
ciated with alkane) are needed to provide further hints as to the alkane activation mechanism

in strain HAN1, with consideration of its apparently diverse monooxygenases.

Finally, the present results as well as the oxidation of methane with NO,™ (Ettwig ef al.,
2010) indicate that NO;~ or NO, (either from NO;  reduction or directly from NH,4 " oxida-
tion) should not be merely considered as electron acceptors for anaerobic respiration. An in-
termediate formed during NOs;™ or NO, reduction may function as or provide a co-reactant
for the biochemical activation of various hydrocarbons or even of other chemically unreactive
compounds. NO;~ or NO, in anoxic habitats could, in principle, promote or enable the deg-
radation of certain organic fractions which tend to be refractory under conditions of sulfate

reduction or methanogenesis.
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Appendix S1
Materials and methods
Origin of strains and regular cultivation

The denitrifying strain HIN1 was originally enriched with refined (aliphatic) mineral oil from
freshwater mud and isolated with hexadecane (Ehrenreich et al., 2000). Strains HxN1 and
OcN1 were enriched and isolated in the same study with hexane and octane, respectively. Cul-
tures were maintained in the laboratory by transfer every 3 to 5 months, growth for approxi-

mately one week, and storage at 4 °C in the dark.

Anaerobic cultures were routinely grown in butyl rubber-sealed tubes (20 ml) or bottles
(110 ml) with 10 ml and 80 ml anoxic medium, respectively (details in Widdel and Bak, 1992;
Rabus and Widdel, 1995; Ehrenreich et al., 2000). Briefly, the medium for routine cultivation
was prepared with 30 mM NaHCOs; and a low phosphate concentration (3.7 mM). The reduc-
tant was ascorbate (4 mM) added from a filter-sterilized stock solution (prepared anaerobi-
cally from ascorbic acid and NaOH). Ascorbate did not serve as a substrate for growth. Usu-
ally, 10 mM NaNOs was added. The medium was overlaid with pure sterile (autoclaved under

N>) hexadecane (1.5 to 5 pl per ml medium, corresponding to 5.1 — 17.1 mmol I™").

Purity control

Cultures of strains grown with alkanes and other organic substrates were regularly checked by
phase contrast microscopy. To verify absence of contaminants, cultures were also transferred
to diagnostic liquid medium containing peptone (5 g I™') or yeast extract (5 g 1!) and incu-
bated anaerobically with NO;™ or aerobically under air. In addition, cultures were streaked on
agar plates prepared with fumarate (5 mM) or valerate (4 mM) and yeast extract (2.5 g1™")
and incubated under air with 3% CO,. Single, separate colonies were examined microscopi-

cally and tested for anaerobic growth with tetradecane.

Growth and growth tests with various electron donors and electron acceptors

The alkanes dodecane, tridecane and tetradecane were added like hexadecane (see above) as
pure sterile liquids. Alkanes with shorter carbon chains, octanol and decanol were dissolved
(pentane through octane, 5%; octanol, decanol, 1%; otherwise 20%) in 2,2,4,4,6,8,8-
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heptamethylnonane as an inert and non-toxic carrier phase. The added volume of the alkane
solutions was usually 50 pl per ml culture volume. Solid alkanes and solid long-chain alco-
hols were first added to empty culture tubes. Upon mild heating, the molten compounds were
allowed to solidify while the tube was rotated so as to cover the glass wall with a thin layer.
Then the tubes were flushed with oxygen-free gas while medium was added. Concentrations
of monocarboxylic acid salts (in mM): formate, acetate, 10; propionate, butyrate, 5; valerate,
4; caproate, 3, heptanoate, 2; octanoate, 2; nonanoate, decanoate, dodecanoate, 1; tet-
radecanoate, 2, palmitate, 1.5; stearate, 1.5; long-chain fatty acid salts were added as molten

solutions (Widdel and Bak, 1992). Ethanol was added at 10 mM.

Aerobic cultures were grown in sealed serum bottles with medium under air; the aqueous
phase was one fifth or less of the bottle volume. The oxic medium without ascorbate con-

tained only 2 mM NaHCOs3, while the headspace contained 1% COx.

Production of N,, N,O or CO;, or consumption of N,O was measured in cultures with
more phosphate (KH,PO4, 8 mM, K,;HPO4, 30 mM; pH = 7.1) and without NaHCO; under a

head space of pure argon.

Commercial N>O (99.5%) for growth tests was incubated before application for at least
two days at an overpressure of 100 kPa in a butyl-rubber sealed 165-ml serum bottle contain-
ing 5 ml of alkaline (pH 11) ascorbate (1 M) for scavenging traces of O,. A volume of 0.61 ml

was injected per ml of liquid culture volume (ca. 25 mmol 17).

NO was prepared from acidified NaNO; and KI as described previously (Schreiber et al.,
2008) and stored in butyl rubber-sealed 5-ml glass tubes. Small volumes were withdrawn by
means of a microliter syringe and injected into culture vials with large anoxic headspace
(165 ml) and small aqueous volumes (10 ml) so as to achieve partial pressures of 50 — 100 Pa

(0.05 — 0.1% in an atmosphere of ambient pressure).

Sequence analysis of 16S rRNA genes

Extraction of genomic DNA from strains HAN1, HxN1 and OcN1, amplification of 16S rRNA
genes by PCR, and purification of PCR products were carried out using established proce-
dures (Rainey et al., 1996). Purified PCR products were sequenced using the Taq DyeDeoxy
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, Calif., USA) and the
373S instrument (Applied Biosystems).
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Sequences were aligned with those of the SILVA SSU database (www.arb-silva.de, Au-
gust 2009; Pruesse et al., 2007). The phylogenetic tree was constructed by means of the
RAXML (maximum likelihood) program (7.0.3, release March 2008; Stamatakis et al., 2005)
of the ARB package (Ludwig et al., 2004) by applying position-variability and termini filters.
Bootstrap values were obtained after 1000 resamplings. Only high quality sequences
(>1200 bp) were used for tree construction. The 16S rRNA sequences of strains HAN1, HxN1
and OcNI1 are available from the EMBL database under accession numbers Y17827, Y17826
and Y 17828 respectively.

Cell hybridization assay

Fluorescent “in-situ” (whole-cell) hybridizations (FISH) for purity controls was carried out as
described (Musat et al., 2008) using the newly designed oligonucleotide probe HAN1 112 (5°-
TTCCTGCGCTATCCTCAC-3’, 60% formamide) which is specific for strain HAN1. The
highest stringency yielding hybridization was obtained with 60% formamide. None of the 16S
rRNA sequences in the SILVA SSU database (www.arb-silva.de, release August 2009; Pruesse

et al., 2007) exhibited less than four mismatches.

Genomic analysis

DNA was isolated with the Genomic DNA kit (Qiagen, Hildesheim, Germany) according to
the manufacturer’s instructions and sonified. Shotgun fragments were ligated into the
pUC/Smal vector (Fermentas, St. Leon-Rot, Germany) and electroporated into Escherichia
coli strain K12 substrain DH10B. Insert sizes were between 1.5 and 2.5 kb. In addition, a
fosmid library (CopyControl™ Fosmid Library Production Kit, Epicentre, Madison, U.S.A.)
was constructed for data finishing and confirmation of the assembly. Recombinant DNA was
sequenced using the ABI3730XL instrument (ABI, Darmstadt, Germany). Gaps and regions
of insufficient quality were completed by resequencing and primer walking. Sequences were
assembled with PhredPhrap (http://www.phrap.org). The Consed package (Gordon, 2003) was
used for final sequence editing. An 11-fold sequencing coverage was reached, resulting in a
sequence quality of less than 1 error per 100,000 bases (average). Genes that may encode gly-
cyl radical enzymes, enzymes of the known denitrification pathway, oxygenases, and cbbs-
type oxidases were searched for using the BLASTP-program (Altschul et al., 1997) and the
HTGA-system (Rabus et al., 2002).
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Chemical analyses

Nitrate and nitrite were measured by high-performance liquid chromatography (Sykam,

Gliching/Munich, Germany) as described (Rabus und Widdel, 1995).

N», CO; and N,O were analyzed in the culture headspace (see above) by gas chromatog-
raphy using a GC-8A instrument (Shimadzu, Duisburg, Germany) equipped with a thermal
conductivity detector. The gases were separated on a CP PoraPLOT Q (3 mm x 2 mm;
Agilent, Waldbronn, Germany) or HP-PLOT MoleSieve (0.53 mm x 0.32 mm; Agilent, Wald-
bronn, Germany) column at 40°C using argon as carrier gas at a flow rate of 15.0 ml min™".

Headspace samples were withdrawn with a gas-tight syringe equipped with a gas valve.

Organic acids were extracted from heat-inactivated (85 °C) and acidified cultures with
dichloromethane, methylated, and analyzed by gas chromatography-mass spectrometry as
described (Rabus et al., 2001). Long-chain alcohols were extracted with diethylether. After
evaporation the residue was silylated with N,O-bis(trimethylsilyl)acetamide (Supelco, product
specification T496017A) and analyzed by gas chromatography-mass spectrometry using a
GCQ instrument (ThermoQuest Finnigan, Bremen, Germany) equipped with an Optima-5

column (Macherey-Nagel, Diiren, Germany); the carrier gas was helium.
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Appendix S2

Redox potentials of subsequent reduction steps, and average redox potential

If an electron acceptor Ay is reduced stepwise to A.q via m subsequent steps involving free
intermediates (I, ), the reaction can be written as follows (7;, number of electrons):

2 nm €
on L% I1 Lé I2 o Im—l Lé Ared

With an electron donor of a given redox potential, £4,,, and the redox potential E; of a reduc-
tion step (definition of which is originally based on a reversible reaction), the free energy
change of an individual step is —AG; = n; FAE; = n; F (E; — Egon); FF=96,485 C mol™! (Fara-
day constant). The free energy change of the total reduction reaction is

—AGir = ny F(E;— Egon) + 12 F (E2 = Egon) + ... + 1w F' (Eyy — Edon) (1)
= Fl(mE;+nE;+ ...+ nuEy)— (np+ny+ ...+ ny)Eqon] (2)

The sum n; + n, + ... + n; is the total number of electrons, #;,;, so that
—AGiy = F(niE;+nE>+ ...+ npEw) — RiolEdon] - 3)

Rearrangement leads to

-AG,, mE, +nE,+ .. +nkE_
n F on

tot Mot . (4)

The term —AG,,/(n:,; F) expresses a redox potential difference. Because it includes only pa-
rameters referring to the total reaction, it can be defined as the average redox potential differ-
ence, AE,,, of the total reaction:

-AG
I/lttﬁo‘t :AE‘W (5)

Because 4E,, is relative to the redox potential of the donor reaction, (5) necessarily defines
also an average redox potential by 4E,, = E,, — E4, . We can thus write (4) as

mE, +nkt,+ ... +n,FE,
(Eav_Edon)+Edon = Ecw - n

fot (6)
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Sequence identity (%)

Strain HxN1 (denitrifying) 7 100
Strain OcN1 (denitrifying) Alkane: 87.6
L Strain AK-01 (sulfate-reducing) ) Betivatng 73.2
Strain EbN1 (denitrifying) R 34.1
Thauera aromatica (denitrifying) Toluene- 345
Geobacter metallireducens (Fe'-reducing) | activating 33.0
Desulfobacula toluolica (sulfate-reducing) _J 32.0
[ Strain NaphS2 (sulfate-reducing) 2-Methylnaphthalene- 32.7
25% Strain NaphS6 (sulfate-reducing) activating 327

Fig. S1. Relationship of the assumed catalytic (large) subunit (MasD) of the n-alkane-
activating enzyme in strain OcN1 to other enzymes activating hydrocarbons via addition
to fumarate. Bar, 25% amino acid exchange.

Accession numbers: HxN1, CAO03074.1; OcN1, FN675935; AK-01, ABH11460.1;
EbN1, YP_158060.1; T. aromatica, AAC38454.1; G. metallireducens, AAM34597 .1;

D. toluolica, ABM92935.1; NaphS2, CAO72219.1; NaphS6, CAO72222 1.

Table S1. General genome? features of strain HAN1.

Size (bp) 4,587,455
G + C content (mol%) 53.26
Stable RNAs
rRNAs 9 (3 operons)
tRNAs 47
Protein-coding sequences (CDS)" 3,763
Coding (%) 89.2
Average length (bp) 1,088
Pseudo genes 45

@ Accession no. FP929140
® Without "pseudo"-qualifier

105



"ZOVE-BYEE 162 S8y SppY orepnN swelboud yosess eseqejep uisjoid Jo uoneleush
Mau B :13Y1g-I1Sd pue LS4 paddes (/661) '@ ‘uewd] pue “Ap oI 7 ‘Bueyz ' ‘Bueyz vy Usyeyos 1L ‘usppei ' 4'S ‘Inyosyy Ag paquosap se pawlouad sem N1SY gL

0¥0'00S°L ZIM fjoo eyoLeyosy

(%e) s6/LY (%92) s6/5C [y —-8LE'005'L ‘asejonpal apios|onuogu dlqolseuy 49} £0682d apiu
£/¥'989'C T 1j0o eyoLeyosy

(%t1) 0LL1vL (%b2) 0LLILY 120 —886'G89'C ‘oseA| sjew.o} ereAnIAd 09, £/£60d qyd
G69'GET 0€9 8fiolip WnipusofD

(%zy) €2/1€ (%0¢g) €2/22 [ - 1/8'SeT ‘asejeIpAyep |018041D 062 0/69Mv0 Lgeyp
670'16G'L zZsyden uies;s 10eqoejoideyeq Bulonpal-aie)ns

(%085) 0v/02 (%8¢g) Ov/SL Ll - 891°16G'L ‘aseyjuAs sjeurpons(AyewiAyydeu-g) ‘yungng-o 878 6122.0V0 yswu
SLL'OLS L LNXH uress wnusjoeqoajoldejag Bulhjuyusp

(%€9) 8e/ve (%zP) 8¢9l €0 -822'016'L ‘aseyjuAs sjeupons(|Ayjejhyew-1) ‘yungng-o 6E8 /0€00VD gsew
056'19/ LNG3 uteys wnusjoeqosjoideleg Buikjuyusp

(%EY) 02/0€ (%62) 02/02 zL —8¢£1'zo/ ‘aseyjufs ejeuioonsjAzusq ‘Jungng-n 198 651201V vssq

sploe
saAljIsod saljuap| anjeA-3 uoljisod wisiueBlio ‘uoijouny pajoipaid oulwy ‘ou "2y aweu auan

LNPH Ules3s jo awouab ul yy-N1Sv1dl 3seg

fanp

Publications

"UOIBAIIOR SUBY e 2IqoJsRUR Jo) SaWAZUD

[eoiped |A0A|6 Juspuadap-ajelewln} apoous Aew ey} (senbojowoy pue yssq) sauab o) yoseas-N1SY1gL paseg-awouss) zS a|qel

106



Publications

“ING3 ulens wnusjoeqosjoidelag Buikjuyusp paje|al-snoseozy ‘esozy ‘esoulbnioe seuouiopnasd ‘eeasd swsiuebio o) SUOleIARIqaY

LOZNSO 00 8sozy zZsou 8sejonpal spixo sholN 59 828'0£S'v 08S/€ 4LNAH zsou
Buipuig-NIN4

= = - s ‘Buipulq Injins-uoll ‘uixopelie) Sp-e4p ‘urewo( G/8 6Y5'82S'y 0456 4LNCH ysou

voNZmO 617l-°l 29s0zZy gsou Josinosid C_mwo._o_ Alosseooe 9SEpPIX0 SNOAIN (217474 mN@.mNm.v 09G/¢ 4LNAH gsou

GOZNSO ¥6-09 8s0zy Ssou urejold Buipulg-4 1V sAjeInd 80€ 205'v2s'y 055.€_4LNaH Ssou

90ZNSO v/-eC 8s0zy Asou urejold suelquIBWSUEI} 8]qBqO.d (W4 0SS'€ZS'y 0vSZ€ 4LNAH AsSou
(F1LEPDOD) uononpal

- - : - 8pIX0 shodjiu Ul paAjoAul uisjoidodi| pejoipaid 62l 685'CZS'y 0€S/€ 4LNAH Jsou

(£98'82S'v — 686'22S V) Il 483sn|D

GA8dSD 65-9C 8sozy Ddou D Jlungns 8sejoNpal 8pIX0 JLYN zrl 0EY'6.LY Y 0LLZE 4LNGH olou

Y A8dSO 00 8sozy glou g Jungns esejonpal opIxo LN 0Lt £86'8.Y'Y 00L& d4LNAH glou
9SBIONpal SpIXo duUU

LASASO G696 8s0zy oJlou 10 uonelinjew Joj palinbal suociedeyo sAleIng €2 €Sy LYY 060.€ 4LNAH olou
urejoud

¥8¥1S0O AR sessd gdou uoneAloE 8SEONPaI SPIX0 JLIU PeloIpald 1€9 829'9.V'Y 080/ 4LNAH aiou
Josinosid

EMLASO 00 8sozy Sd @sejonpal eju Lo sLIoIyoojAo Alojejiwissiq G8g 8/G'VIY'y 0£0/€ 4LNCH Sdiu

66000d zz-oe sessd WAIu wieByoUOW ‘0 8WOIYI0JA) volL z6L'TLY'Y 090/¢ d4LNAH WAIu

(G00'6.Y'y — 26L'2LY'Y) Il 4938N|D

orovYSO zl-°¢ sessd jeu yungns ewweb ‘esejonpal slelN oze 0v9'LS9'L 0/z€l_4LNaH Heu

SYOYSO Zr-e¢ sessd rieu yungns eyep ‘ssejonpal sjeniN 0€Z 1£6'059'L 09z€lL_4LNaH rdeu

GZANSD 00 8sozy H4eu Jungns Bjeq ‘ssejonpal sjesiN 0ls zZor'ev9’L 0SzZel_4LNaH Hdeu

¥ZANSD 00 8sozy o.eu yungns eydje ‘esejonpal s1eaIN oszl 9c€9'sy9'L ovzZel_4LNaH oleu

£ZANSD 00 8sozy 2Xeu lspodijue ejyu/elRIIN 966 LZo'er9'L oezel 4LNAH 2Hieu

LYOYSO 8679/ sessd Lyiieu JepodwAs uojoidsereN £GY 90Z'2h9’L 0zzel 4LNaH Ly eu

OvOYSO v6-ol sessd xdeu eseuly J0sues Jusuodwod-Z sjljiu/ejel)iN vz9 9eL'LY9'L oLzel dLNaH xleu

6E0VSO 66-21 sessd Jieu loye|nBel esuodsel Jusuoduwioo-g sjuyu/elRIIN €Lz G98'6€9'L 06L€L 4LNAH Jeu

(L1€'269'L — 122'6€9'L) | 4@3sN|D

spioe aweu

*ou 22y anjeA-3 . wsiuebio Quan uoljouny pajoipaid oulwy (dq) peys SETITRET o] Quan

uoljejouue 10} pasn Iy 41Sv19

LNPH uleljs jo (3onpoud) auab pajoipaid

"LNPH utens ul Aemyjed uoneoylusp UOWWOD 8y} Joj sawAzus jo uondipald pesed-awouss) €S a|qel

107



"sauab peje|si-aseusBAxo pajoipaid ayj 0 Ajwexoud 10a.p Ul suisjoid Alosseooe Jo) SaudD)

'SISUBLIMIOG XBIOAIURD]Y ‘00D 'SNo1j90R02[RI 18]0RGOJOUIDY 'BOIOY ‘flUUBWINE| 18]0RqOJOUDY 'BJIDY SWs|ueBlo Joj suojeIARIqaY ,

‘OW4 eseusbBAxoouow Buluiejuoo-uiae) ‘Ajiwe) ;0960004 d| ‘eseuabAxoouow- | aueye ‘Ajiwe) ;S LZ 10dd| -9dAl Dely ‘Xijay

-UIn¥-X1|ay ‘urewop 5000004 d| ‘@Sejonpalopixo apyinsip-apijoajonu aulpuAd Juspusdap-Qy4 ‘ulewop (/21004 dl ‘0Sd dWoIyooiko ‘Ajiwey 18z 1L 00Hd| ‘UIXOPaLIs) ‘Ulewop :L0L00¥dI »

(uney)

716169 dA 6S1-9¢ 0qolyY 0960004dI aseuabAxouow-| sueyly LS 6lLz'ecy'y 0899¢™ 4LNAH
(uney)

200269 dA 8/1-9C 0qolyY 0960004dI aseuabAxouow-| sueyly S6t1 ¥8¥'80.°¢€ 0£00€™ 4LNaH
(uney)

716169 dA 0 elefel) 4 0960004dI aseuabAxouow-| sueyly cLs 1z5'812' 0861 4LNaH
(uney)

200269 dA 0 elefel) 4 0960004dI aseuabAxouow-| sueyly 00S 909102’ 0¥/ 4LNGH
(uney)

200269 dA /91-96 elefel) 4 0960004dI aseuabAxouow-| sueyly S0S v.0'v18'L OvSrL dINAH

(owAzus uiney) aseusbAxoououw--auexyy

B (uour-p) :

1G€/28S0 dZ 8glL-ol eqioy Srlzioddl Wil ‘eseusbAxouow-| sueyly 44 166'/15 061¥0 4LNAH

8dpXx6D L3 oy e S00000ddl WAV “1ojeinbeu jeuonduosuel | 143> 669'/15 08L¥0 4LNAH

(owAzus uo.i-ip) eseusbAxoououwi-L-auexy

80e05D 0 0gqoly £2€100ddl 9SEJoNpal UixopalleH 01374 €08'Gle' 0/G6/1” 4LNaH
ase|AxoipAy

€EIMGD 0 oqQolY zodye 821 100ddl auey|e 0Gd WoIydo ko (VA4 €8l'vle'e 09S. _\Hn_er_I

01e25D vi-oc¢ oY L0100ddl uixopalioH o0l 8¥8'clz'e 0S8S/1 4LNAH

(fo4b ur suiejold Alosseooe) eseusbAxoouou 0syd 14D

spioe
*ou "0oy anjea-3 q wsiuebio Quan e O4d49U| uoljouny pajoipald  oulwy (dq) peis FETITHTET ]
uoljejouue Joj pasn Jy d1Svig INPH utess jo (3onpoud) auab pajoipaid

Publications

"LNPH uieas ul (sase|AxolpAy aueye) saseuabAxoouow aueye Jo uondipald paseq-awouas) S a|gel

108



Publications

"ILNQ3 urel3s wnuspeqosjoidelag Bulkjujusp pajeal-snoieozy ‘9sozy ‘wsiueblo o} uoieinalqqy b
‘€ 1UNgns 'aSEPIX0 aW01Y20)A0 adA1-€qgo 98/ OO0 | HUNGNS ‘9SEPIXO SWO0IYD0JAD

8dA1-£gqo 'N02D :8/2€D0D HUNGNS O BWIOIYI0IKD ‘8SEPIXO BWOIYI0}AD 8dA1-E¢qo ‘000D 1£662D0OD ‘SIUBLBA BLUBYIP PUE -0UOW ‘0 BWOIYI0MD '¥22D 10L0ZD0D ,
'sdnolb snobojoyuo Jo Jsisnio ‘0D g

‘JUNgNs 9 BWOIY20}AD ‘asepIX0 awolyo03ho adAy-eqqo ‘Ajlwe) 1L.zog00ddl |11l Hungns ‘edA-€qqo asepixo
9 dWoIyooMko ‘AjIwey :g/9r00ddI ‘| Hungns 'edA1-£qqo 8sepIXO O BWOIYI0IAD ‘Allwiey 1/ /9F00dd| HUNGNS BLUBY-OUOW '9SBPIX0 O SWO0IYd0}A0 ‘Ajllwey :8ore00¥ddl

0L0¢900 [II ungns

£X0dS0O 8¥-9¢ 9s0zy d099 8.97004dI ‘8SBPIX0 £qgo-8UI0IYo0IAD 10¢€ rhi'66e'e 0v2.Z 4LNaH d090

- - - - 129800ddI Jungns ©sepIXo 0 BWOoIYooIAD €9 09z'65¢E'e 0€2.2 4INaH D020
£66¢900 | yungns

GX0dSO yS-9¢ 9s0Zy 0090 897€00dd| ‘9SBPIXO Eqqo-aWoIyd0kD 9l¢ £19'85¢e'e 02z.Z 4LNaH Q099
| yungns

9X0dSO Gyl-ol 9s0zy NOJO £29%7004dI ‘8SBPIX0 £qqo-aWoIyd0}AkD 861 o0l'/se'e 012.Z 4LNAH NO3O
8/2€D00 | yungns

= = = = 129700ddl ‘0dA)-£qqo ‘osepIX0 O BWOIYI0ILD 08y 8188yl 06611 4LNAH NO2o
£€66¢900 Il yungns

= = 5 - 89r£00¥dl ‘0dA}-£gqo ‘esepIX0 0 BWOIY0KD 102 081 '¥8Y'L 08611 4LNAH 0090
9e/¥O00 09D Jungns

#X0dS0O v0-olL 9s0zy Dooo 1298004ddI ‘9sBpIX0 0 BWOIY20}A0 8|gegold 9L L¥6'E8y'L 0/6LL 4LNAH Doo2o
0102900 [II ungns

£X0dS0D G99l 8s0zy d020 8,900 dl '0dA}-£qqo osepixo 0 sWoIYooID 862 rso'esy’l 09611 4LNCH d020

2tq D02 spioe aweu

‘ou 0oy anjea-3 p wsiuebio auan e 94d431U]| uoljouny pajoipald oulwy (dq) peys BETITHIEYY| Quan

uoljejouue oy pasn JIy d1Svd

LNPH uieajs jo (3onpoud) auab pajoipaid

"LNPH urens ul (Aue-20 ubiy yym sasepixo) sasepixo adAl-Sqqo jo uonoipald paseg-aswouss) 'gS ajqel

109



Publications

Chapter D.3

Is there a key role of NO in n-alkane activation during
growth of a Gammaproteobacterium (strain HdAN1)

by NO; respiration?
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Summary

The Gammaproteobacterium HdN1 grows anaerobically by NO;~ or NO; reduction to N;
with n-alkanes. N,O however, albeit allowing growth with fatty acids, cannot sustain growth
with alkanes, suggesting that NO, or NO is essential for alkane activation. If cells were incu-
bated with alkanes and N,O and small 'pulses' of NO were added, more N, was formed than
could be derived from NO alone. This indicated that NO yielded an alkane-derived product
oxidizable through N,O respiration. Apparently, NO is crucial for alkane activation, as previ-
ously also suggested for the NO, -reducing methanotroph Candidatus Methylomirabilis oxy-
fera. Proteomic analysis of strain HAN1 grown with NO;™ revealed a distinct type of NO-
reductase with active-site amino acid modifications predicted from the genomes of both or-
ganisms. Mass spectrometry revealed trace O, formation by strain HdN1 provided with NO,".
It is possible that the modified NO reductase converts NO to N, and O,. The latter may have a
dual role by serving for alkane activation and contributing to respiration. Still, other activation
mechanisms of alkanes with NOs -derived intermediates can be envisaged, in which case O,

would be only a by-product.
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Introduction

Alkanes (saturated hydrocarbons) are naturally wide-spread compounds originating either
directly from living organisms (Birch and Bachofen, 1988) or, in high structural diversity,
from petroleum (Tissot and Welte, 1984) and petroleum-derived fuels. Despite low chemical
reactivity, alkanes are metabolized by diverse microorganisms, so as to serve as electron do-
nor for respiratory energy conservation, and as carbon source for cell synthesis. The long-
known aerobic alkane-degrading microorganisms employ monooxygenases which involve an
O,-derived, highly reactive O-species to overcome the C—H-bond stability and lead to alco-
hols for further metabolism (Britton 1984; Groves, 2006). More recently, anaerobic alkane-
utilizing microorganisms have been described which reduce NO3™ (or NO; "), SO42_ or H -ions
to N,, H,S, or H; (for methanogenic partners) respectively (Widdel et al., 2010). A unique
process is the SO4” -dependent oxidation of the simplest alkane, methane, by distinct archaca
associated with Deltaproteobacteria (Knittel and Boetius, 2009). The apparently most com-
mon activation mechanism of non-methane alkanes is a radical enzyme-catalyzed addition
(Heider, 2007) of the alkane at carbon-2 to fumarate yielding (1-methylalkyl)succinate (Kropp
et al., 2000; Rabus et al., 2001; Widdel and Grundmann, 2010; Jarling ef al., 2012). Still,
other mechanisms have been envisaged (Aeckersberg et al., 1998; So et al., 2003) in sulfate-

reducing bacteria.

In the previous study (Zedelius et al., 2011), it remained open whether NO,™ or NO was
the crucial N-O-compound needed for alkane metabolism, and whether the N-O-compound
may lead to 'chemogenic' O, as a co-substrate for alkane monooxygenase. In the present
study, we attempted to further limit the possibilities. We tested possible NO-dependent initia-
tion of alkane oxidation, searched for traces of formed O,, and used a proteomic approach to
detect the presence of a phylogenetically distinct type of NO-reductase that is predicted by
comparison of the genomes of strains HAN1 (Zedelius ef al., 2011) and Candidatus M. oxyfera
and may form O, (Ettwig et al., 2010, 2012). The present study also includes a detailed
stoichiometric model of a variable, ‘branched’ use of generated O, in both, hydrocarbon func-

tionalization and respiratory reactions.
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Results
NO enabling alkane oxidation during incubation with N>O

If NO can be shown to allow alkane oxidation, this would rule out the ‘upstream’ intermediate
NO;" as the crucial compound (unless NO yields NO, by dismutation; see Discussion), leav-
ing NO as a direct precursor of the postulated O,. In view of the high toxicity of NO (Zumft,
1993; Zedelius ef al., 2011) at the concentrations that would be theoretically (stoichiometri-
cally) needed for serving as the only electron acceptor and clearly revealing alkane oxidation,
we incubated strain HAN1 with N,O as non-toxic bulk electron acceptor for respiration and
added only small ‘pulses’ of NO. If this would lead to alkane activation (in addition to possi-
bly serving as electron acceptor for respiration), the functionalized product should be metabo-
lizable with N,O. Indeed, there was more N, production than could be accounted for by NO
reduction alone, indicating that the alkane metabolism was initialized by NO or a subsequent

product other than N,O and then proceeded via N,O reduction (Fig. 1; Appendix S1).
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Fig. 1. Effect of low concentrations of NO on the utilization of n-hexadecane by strain HAN1 incubated with
N,O as main electron acceptor for anaerobic respiration.

A. Principle of the experiment. NO but not N,O allows alkane activation to a polar product (X, functional group)
which then allows respiration of the abundantly present N,O.

B. Amounts of formed N,, CO, and reduced N,O following five injections of NO or the NO donor NOC-18
(quantities indicated in pmol). Positive controls received O, or NO, while the negative control received no
additions. Experiments were performed in 156 ml serum bottles with 10 ml culture, 57 pmol (10 pl)
n-hexadecane and 250 pmol anoxic N,O. To ensure a metabolically active state that may better withstand ad-
verse NO effects than a ‘resting’ state, cultures had been provided with a small (20 pmol) amount of NO, di-
rectly before the experiment (before time point zero, not shown). Additions were injected when N, or CO, pro-
duction with nitrite had ceased (details in Appendix S1). The increase of CO, and N, production by NO or the
NO-donor NOC-18 cannot be explained by their use only as respiratory electron-acceptors, but rather indicates
alkane conversion to a product metabolizable with N,O. Maximum amounts expected from a purely respiratory
use of NO (0.5 N/NO; 0.327 COy/NO; equations in Appendix S1) are visualized as dotted line. Duplicates
yielded the same results (not shown).

Detection of O; formation from NOj3; -derived intermediates

For attempts to detect O, as an intermediate that could be the agent for alkane functionaliza-
tion, formation of volatile compounds was analyzed by membrane-inlet mass spectrometry
(MIMS) during a time course experiment with freshly grown cultures of strain HANI1 pro-
vided with NO or NO, . NO,™ was SN-labelled to follow also the fate of nitrogen. On the one
hand, O, would probably be scavenged by both respiration and alkane oxygenation, so that
absence of organic substrate would be desirable. On the other hand, reduction of NO; re-
quires reducing equivalents. As an attempt, tetradecane-grown cells were pre-incubated with
N0, assuming that this would diminish stored alkane-derived intermediates while still leav-

ing enough reducing equivalents for the reduction of the small amount of nitrite.

O, was undetectable when only NO, or NO were added. Therefore, acetylene was added
as a (potential) monooxygenase inhibitor (Hamamura et al., 1999; Yeager et al., 1999). Acety-
lene also inhibits N,O reductase (Kristjansson and Hollocher, 1980). The experimental con-
cept is shown in Fig. 2. Experiments with direct injection of NO as a toxic compound were
obviously delicate; in different experiments, O, formation was either not detectable, or ap-
peared only at marginal concentration (< 0.5 uM) that disappeared almost instantaneously.
However, injection of 50 uM NO,™ as a less toxic compound did result in the formation of 2
uM O, (Fig. 3). This amount was appropriate to also reveal subsequent consumption with
residual substrate. The short 'plateau’ of formed O, is interpreted as a steady state between
formation and consumption. Subsequent injection of an aqueous solution of O, confirmed its
consumption. The tentative precursor, NO, was detectable at very low concentration. Release

of O, was not detected in sterile control experiments.
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Fig. 2. Overview of the experimental concept for investigation of possible ‘chemogenic’ O, and volatile nitro-
gen species formed from NO,— by tetradecane-grown cells of strain HAN1. The concept includes acetylene inhi-
bition of monooxygenase and N,O reductase, and fate of '*N-isotope label. The main reduction sequence is indi-
cated in bold lines. N, isotopologues possibly formed by residual activity of the acetylene-impeded N,O reduc-
tase are also indicated (grey). Unlabelled N,O and N, are diluted in a large pool from pre-incubation.

As expected, N,O accumulated in the acetylene-treated cultures and revealed the single or
double label of "°N from nitrite (Fig. 3). Formation of unlabelled N,O is not depicted because
it includes the high background concentration (around 1 mM) left from pre-incubation. The
slight decrease of the N,O concentration with time is explained by the dilution due to the con-
stant flow of medium through the incubation vessel to the mass-spectrometer. There was a
marked increase of Ny, as shown for the "N'*N and '"N'°N isotopologue (Fig. 3; unlabeled

N> not depicted because of transferred background from preculture).
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Fig. 3. Investigation of possible ‘che-
mogenic’ O, and volatile nitrogen species
formed from NO, by tetradec-ane-grown
cells of strain HAN1. Chemical species at-
tributed to masses of volatile compounds
detectable by membrane-inlet mass spec-
trometry upon spiking of strain HAN1 with
"N-NO,  (isotope purity, 98%). Detectable
‘chemogenic’ O, was consumed after several
minutes due to respiration. Respiratory activ-
ity was also indicated by consumption of
subsequently added O, from an aqueous
solution. Prior to the depicted experiment,
cells had been pre-incubated with N,O (to
diminish organic storage compounds) and
acetylene (see text). Hence, there was a high
background of unlabelled N,O and N,.
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Proteogenomic evidence for formation of a unique NO-metabolizing enzyme in strain HAN1

Because strain HAN1 and M. oxyfera are phylogenetically (with respect to 16S rRNA) unre-
lated, any top-scoring hits from a comparison of their previously sequenced genomes (Ettwig
et al., 2010; Zedelius et al., 2011) are likely to indicate functional similarity. For this compari-
son, the predicted proteins of strain HAN1 were blasted against a database with the predicted
proteins of 794 reference genomes including M. oxyfera. Seventeen high-scoring shared pro-
teins were discovered (Table S1; Appendix S1). Fifteen of these could be dismissed based on
both inappropriate functional annotation and very low transcription levels in M. oxyfera, thus

leaving two candidate gene products involved in a particular catabolism of N-O-compounds.

One gene product in strain HAN1 was a predicted NO-reductase (HDNI1F 02620), repre-
senting the closest relative of two (DAMO 2437, DAMO 2434) of the three NO-reductases
predicted for M. oxyfera (Ettwig et al., 2012). These enzymes form a distinct, monophyletic
sister clade to the canonical quinol-dependent NO-reductases, which are all integral mem-
brane proteins with 14 transmembrane helices. Fig. 4A shows the phylogenetic relationships
as well as their basic building units, electron donors and reactions (for assumed reactions see
Discussion). Similar proteins were also present in the genome Muricauda ruestringensis
(Huntemann et al., 2012) and two other members of the Cytophaga/Flavobacteria superphy-
lum. M. ruestringensis was originally isolated from an aerobic enrichment with hexadecane

but subsequently revealed to be unable to use alkanes (Bruns et al., 2001).
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B. Close up of part of the active site region (Geobacillus stearothermophilus position 500-494 and Paracoccus
position 186—-280) showing transmembrane helixes VIII-X and key conserved amino acids involved in the coor-

dination of the Feg and the water/proton channel.
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The second gene product of interest was a predicted regulator encoded by HDN1F 02670 and
DAMO 2439; this protein was present in the same gene cluster as the abovementioned NO-
reductase. The regulator consisted of a DNA-binding domain and a PAS sensing domain that
is also part of the well known oxygen sensor FixL. The FixL-like regulator was not detected

in the genome of M. ruestringensis.

Fig. 4B shows an alignment of the amino acids that constitute the active site of the NO-
reductases in strain HAN1, M. oxyfera and other microorganisms (see also alignment by Ett-
wig et al., 2012). Most of the functional aspects of the protein appeared to be conserved; the
coordination of the heme b and heme b3, the hydrophobic but empty cytochrome ¢ binding
pocket, the putative water channel and the putative proton channel. However, the coordination
of the non-heme Fep was totally altered. In nitric oxide reductase Feg is coordinated by three
histidines (His508/559/560, Geobacillus stearothermophilus positions) and two glutamates
(Glu512/581; Matsumoto et al., 2012). Mutation of these residues leads to a non-functional
enzyme. In the enzymes of strain HAN1, M. oxyfera, and M. ruestringensis, His-560 was mu-
tated into Asn, Glu-581 into Gln, and the conserved Gly-513, necessary for the correct posi-
tioning of Glu-512, was mutated into a bulkier Val or Ala. With respect to the key residues of
the quinol binding site, the enzymes from strain HANI1, M. oxyfera and 'typical' NO-
reductases (having His-328, Glu-332 and Asp-746) did not have any amino acid with related

properties in common, as was also found by Ettwig et al. (2012).

In the previous study (Zedelius et al., 2011), prediction of enzymes involved in the nitrate
or oxygen respiration pathways, or potentially relevant for alkane functionalization was ex-
clusively genome-based. Here, we also studied differential proteome profiles across several
substrate-adapted cells by a shotgun approach. Of the three different predicted Nor proteins,
the above unique protein resembling the M. oxyfera NO-reductase with proposed NO-
dismutase function (NOD) was detected and identified with high score in cells grown anaero-
bically with n-tetradecane, 1-tetradecene or tetradecanoate. The enzyme was not detectable in
aerobically grown cells. The other predicted qNor (HANIF 02450) and the cNor
(HAN1F _37100) were not detectable via the present proteomic approach (Table S2; Appendix
S1).

Furthermore, genomic reading frames predicted di-iron (AlkM) as well as P450 type
monooxygenases (AbpG). While both proteins were present in cells grown with alkane and

0O, or NOs~, AbpG was also formed by cells grown with an alkene and O, or NOs™. Neither
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AlkM nor AbpG could be detected (Table S2; Appendix S1) in myristate-uilizing cells (with
0, or NO3).

Further growth experiments with organic substrates

Further substrate tests in addition to previous ones (Ehrenreich et al., 2000; Zedelius et al.,
2011) showed growth of strain HAN1 with n-alkanes from Cg to Cso, the higher of which

(>C;3) are solid at incubation temperature (28 °C).

During growth with alkanes, many cells of the population assumed a ‘swollen’, some-
what irregular shape with droplet-like inclusions. Because polyhydroxyalkanoates were not
detectable (Zedelius et al., 2011), the droplets were assumed to represent intracellular alkane,
a phenomenon also observed in aerobic alkane degraders (Scott and Finnerty, 1976). An addi-
tional analysis revealed the presence of waxes, i.e. esters of long-chain alcohols and fatty ac-
ids. Such waxes were also detected in cells consecutively cultivated with long-chain fatty ac-
ids under oxic or anoxic conditions. This indicated the capability for reductive alcohol

formation, i.e. independent alkane hydroxylation.

Discussion
Likely key role of NO and derived O; in alkane activation

The present study further favors the hypothesis that strain HAN1 in anoxic surroundings devi-
ates an NO; -derived intermediate from the respiratory path into alkane functionalization.
This intermediate is most likely NO, according to the 'pulse' experiments (Fig. 1). Still, NO,~
cannot be completely excluded as the more directly needed agent. For instance NO could, in
principle, dismutate according to 4NO + H,0 — 2NO, + 2H" + N,O (AG®> = —40 kJ
molno™'; Appendix S1]. Still, we presently favor a key role of NO because of the versatile
reactivity of this radical (:N::O::), the strongly exergonic nature of potential reactions, and

the presence of a phylogenetically particular type of NO-reductase.

Conditions for revealing O, formation directly from NO by mass spectrometry are still
delicate. It is unknown whether NO at the added, artificially increased concentration could
contribute to O, scavenging according to 4NO + O, + 2H,0 — 4H" + 4NO,~ (Lewis and

Deen, 1994). However, nitrite addition caused accumulation of a molecular mass of 32 match-
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ing that of O, (Fig. 3; further discussion of mass 32 in Appendix S1). The formation of "*N"°N
and NN is in agreement with an assumed NO dismutation. Nevertheless, we cannot ex-
clude that the acetylene-impeded N,O reductase exhibits some residual activity and forms at

least some of the labeled N, (Fig. 2).

The observed formation of O, is not a definite proof of its key role in alkane activation. O,
could be a minor, physiologically insignificant by-product of another reaction of an N-O-
species, whereas the actual activation reaction involves NO in a different manner. Any reac-
tion would result in the same overall stoichiometry of alkane oxidation with nitrate (principle

of element and electron conservation).

2 NO,

4[H]¢

0, <-<-2NO,

2 [H]
(A ]

NZO
(D] 2 e 2 [H]

¢ Men Me("+2)+

N0 O, [R—CH,—R’ m N:
2[H] 2 [H] H,O
N, H,0 [R— CHOH R [R—CHOH—R| (R = Alkyl )

H,0 R’ =H, Alkyl

Fig. 5. Hypotheses of alkane activation with an NO; -derived N-O-species based on the present experiments.
The scheme leaves open the site of alkane activation (primary or secondary carbon atom). The main route of
nitrate is always its respiratory reduction to N, via the canonical denitrification pathway (bold lines).

A. Part of NO as a reactive and endergonic (‘energy-rich') compound is directly involved in alkane functionaliza-
tion by an unknown enzyme and mechanism (purely speculative) requiring electrons. O, is formed in a by-
reaction and may be used to some extent, but its formation is not significant for the catabolism.

B. As A, but without requirement for electrons.

C. Part of NO is used by a special reductase that couples NO-reduction specifically to the generation of another
oxidant, a high-valent metal center. The metal center then introduces a hydroxyl group originating from water.
Again, O, is formed in a by-reaction without catabolic significance.

D. The presently favored mechanism. Part of NO is converted to N, and O,, the latter being used in a conven-
tional monooxygenase reaction.
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Fig. 5 summarizes envisaged possibilities in addition to O, formation. The most appealing
alternative to an involvement of O, would be a specific 'electronic' coupling between NO re-
duction and the generation of a high-valent metal center which then introduces a hydroxyl
group into the alkane chain, i.e acts as alkane dehydrogenase. A metal for such a center could
be molybdenum, analogous to ethylbenzene dehydrogenase in ‘Aromatoleum aromaticum’
strain EbN1, and C25 dehydrogenase in Sterolibacterium denitrificans. The enzymes in these
denitrifiers dehydrogenate the alkyl side chain of the benzene ring (Kloer et al., 2006) at C2,
or a tertiary carbon position (C25) in the sterol side chain (Dermer and Fuchs, 2012) respec-
tively. Also dehydrogenation of an n-alkane in particular at a secondary carbon atom to yield a
secondary alcohol appears well feasible in a denitrifier. The redox potential (details in Appen-
dix S1) of secondary alcohol formation (R;R,HCOH/R;R,HCH + H,0O; E°’ = +0.027 V; R
designates alkyl) is only somewhat higher than of tertiary alcohol formation
(Ri1R;R3COH/RR,R3CH + H,O; E°” = —0.02 V; other value, —0.14 V). However, if such a
reaction would be consequently hypothesized also for Candidatus M. oxyfera, this assumption
would be confronted with the very unreactive C—H-bonds of methane. From a purely thermo-
dynamic point of view, the redox potential of a ‘methane dehydrogenase’
(CH30OH/CH4 + H,O; E°° = +0.17 V) appears achievable during nitrate reduction. Still, the
most consistent hypothesis based on present knowledge is hydrocarbon activation by che-
mogenic O,. Also, the broad range of used alkanes (C¢ to Cso) resembles that of typical aero-
bic alkane degraders (Table S3). Anaerobic alkane degraders are more specific with respect to

the ranges of utilizable chain lengths (Widdel et al., 2010).

Structural and mechanistic aspects of NO reductases and possible substrate dismutation

NO-reductases from denitrifying bacteria belong to the heme copper oxidase super family.
Functionally, this relationship may be reflected by some NO-reductases able to reduce O,
(Fujiwara and Fukumori, 1996) and oxidases able to reduce NO (Giuffre et al., 1999; Hayashi
et al., 2009). Heme copper oxidases themselves are complex, multimeric membrane proteins
(Michel, 1999) in mitochondria and bacteria. They couple O, reduction with the build-up of a
transmembrane H'-gradient by vectorial electron flow and additional proton pumping (in op-
posite direction). The active (O,-binding) site of the most wide-spread type, aas-oxidase
(complex IV), contains heme a3 and juxtaposed copper (so-called Cug). The high-affinity cbbs

oxidases contain heme bs;. NO reductases, which are also membrane-embedded, are much
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simpler. They are heterodimeric or monomeric and contain non-heme iron, Fep (instead of
Cu) juxtaposed to heme b in the active site. A special type contains copper which, however, is
not in the active site but in the accessory (small) subunit for electron uptake. Nomenclature is
complicated because two abbreviations, NOR as functional term and Nor for gene product,
are in use, with prefixes or suffixes. The NO reductases in strain HAN1 and M. oxyfera repre-
sent a distinct lineage branching off from monomeric NO reductases termed qNOR ('q' refer-
ring to quinol specificity). These enzymes have much in common with the catalytic (large)
subunit, NorB, of heterodimeric NO reductases, termed cNOR ('c' referring to cytochrome
specificity), and show in addition some motifs of the small subunit, NorC, of cNOR. For this
reason, JNOR has also been designated NorB, unfortunately making this term ambiguous. To
avoid confusion, consistent use of a formerly established designation, NorZ (Cramm et al.,
1997) has been recommended for gNOR (more details in Zumft 2005). Even though NO re-
duction is more exergonic than O, reduction, NO reductases do not conserve energy by proton
pumping. Enzyme-internal vectorial electron transport as another mechanism for energy con-
servation may occur in certain NO reductases (Matsumoto et al., 2012). In any case, NO re-
ductases in denitrifiers enable energy conservation during the electron transport towards them

(Simon et al., 2008).

According to recent insights (Matsumoto et al., 2012, Blomberg and Siegbahn, 2012),
oxidized (EPR-silent) nitric oxide reductase is characterized by an oxo-bridge in the “binu-
clear center”, b3-—O—Feg. Uptake of 2 ¢ and 2 H' replaces this bridge by one NO-molecule
orientated in the manner b3—NO—-Feg. Addition of the other NO-molecule leads (via the “cis”
mechanism) to coordinated hyponitrite (HON=NQO"), thus forming the dinitrogen bond. Both
oxygen atoms then interact with Feg, and rotation of hyponitrite releases N,O, leaving one
O-atom which again bridges heme b3 and Feg (more details in cited literature). At higher con-
centrations (micromolar range) of NO, this may react with the oxo-bridged state of the en-

zyme and lead to NO; ™ and reduced heme b;.

The observed changes of functional amino acids may suggest mechanisms for NO dismu-

tation, the principle of which may be according to
2 NO — [ON=NO] — N + O». (1)

If the quinol binding site is non-functional (Ettwig et al. 2012), the binuclear center will pre-

sumably be in the oxidized form. The O-atom of one NO-molecule could thus combine with
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the oxo-bridge to form the di-oxygen bond_while the other NO-molecule could replace the
oxo-bridge with its O-atom and simultaneously complete the N, molecule. If, alternatively,
one would assume functionality of the quinol binding site (despite the marked amino acid
changes), i.e. a mechanism similar as for NO-reduction with transient reduction of the binu-
clear center, 'reducing power' would have to flow back to quinone (net reaction is electron-
neutral). Even though, as an interesting hypothesis, an H,O molecule could replace Glu-581
as Fep-ligand and provide the second O-atom for O,, backflow of electrons with the more
positive redox potential to quinone appears energetically problematic. Alternatively, a small
membrane protein related to bse; cytochromes, the gene of which is adjacent the HAN1 Nor
gene, might play a role in electron transfer for NO reduction. From a thermodynamic point of
view, even ‘electronic’ coupling of NO reduction (4NO + 4e¢~ + 4H" — 2N,0 + 2H,0; E°* =
1.172 V) to water cleavage (2H,0 — O, +4e +4H"; E°* = 0.815 V) would be feasible.

If the special NO-reductases of strain HAN1 and M. oxyfera are indeed O, evolving en-
zymes, the formation of the former protein revealed by proteomic analysis suggests additional
function in respiration. There was no evidence for formation of a ‘conventional’ respiratory
NO-reductase which would be expected in view of the significant N,O production if this can-
not be accounted for by the special, novel type of NO-reductase. Such dual function would
urge upon the question whether there might be various transitions between ‘conventional’
NO-reductases and the exclusively NO-dismutating form of M. oxyfera, or whether most if
not all NO reductases have, in principle, some more or less pronounced tendency for liberat-
ing O,. If access of H' and e is not limiting, reduction to N,O and H,O is kinetically by far
dominant. Only particular bacteria such as M. oxyfera or strain HIN1 make use of the dismu-
tation reaction and promote this by slightly altered enzyme architecture to generate O,. Be-
sides impeded or 'controlled', sub-stoichiometric access of H" and e~ to the reaction center,
also the exchange of the histidine usually coordinating Feg could alter catalysis. It is presently

unknown whether this site is occupied by Fe or by another metal.

From an evolutionary point of view, it remains an open question whether the primeval
function of NO reductases was dismutation or reduction. In any case, harboring an enzyme for
O, generation may be advantageous especially for the metabolism of hydrocarbons in other-
wise anoxic surroundings. Alkane functionalization by monooxygenases is in principle faster
(as evident from rapidly growing aerobes) than through the obligately anaerobic enzymes

such as the nickel-containing reverse methyl-coenzyme M reductase (Shima et al., 2012) or
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the radical-harboring (1-methylalkyl)succinate synthase (Rabus et al., 2001). Microorganisms
involving the latter enzymes obviously compensate for their slowness by high enzyme con-
centrations (Kriiger et al., 2003; Grundmann et al., 2008; Schmitt, Grundmann and Widdel,
unpublished data). The ability for O, generation during denitrification offers the advantage of
maintaining the hydrocarbon metabolism from oxic conditions by involving a modified vari-
ant of a single, rather ubiquitous enzyme if conditions become anoxic. A similar 'minimalistic'
enzymatic outfit allowing versatile growth with hydrocarbons in oxic and anoxic surround-
ings is represented by perchlorate or chlorate reduction with cleavage of the intermediate,
ClO; into CI" and O, (de Geus et al., 2009; Mehboob et al., 2009; Oosterkamp et al., 2011).
Another mechanism for chemogenic O,, H,O, dismutation by catalase, is, essentially for de-

toxification.

Kinetic aspects of NO utilization

Any involvement of the toxic NO as an intermediate (Zumft, 1993) and reactant requires
maintenance at very low, compatible level even if its precursor, NO, ", builds up. An inherent
kinetic feature of NO utilization may contribute to such control. NO reduction and dismuta-
tion, in contrast to NOs;, NO, or N,O reduction, is bimolecular with respect to the
N-substrate. If enzyme concentration is considered as constant and (in case of NO reduction
to N,O) proton and electron supply not rate-limiting, the kinetic behavior is governed by the

NO concentration in second power, viz. by [NO]*. Because any reaction of NO is highly exer-

gonic, a kinetic model can be formulated here in case of NO dismutation, as 2 NO + E =

E(NO), — E + N, + O; the model would be the same for canonical NO reduction. The rate of
NO consumption, vNo, as a function of the NO concentration in steady state follows the equa-

tion (details in Appendix S1)

[NOJ?

1% = VNO- — 5 .
NO NO-max Km+[NO]2

2)

K 1s a composite of three rate constants (for substrate binding, substrate release and product
formation). The other characteristic, VNo.max, 1S the 'maximum' rate which vno approaches as-

ymptotically for [NO] — co. There is some similarity with the classical monomolecular en-

zymatic reaction (generally with substrate A and product P), A + E &= EA — E + P, which

yields the typical Michaelis-Menten equation
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vV=v A 3)
max Km + [A]

However, reaction kinetics of NO (eq. 2) differs from eq. (3) in two respects. First, function
(2) is sigmoidal (Fig. 6), viz. it passes from second-order behavior at [NO] << K, through
first-order behavior at medium concentration to approximate zero-order behavior at [NO] >>
K (enzyme almost saturated). In contrast, eq. (3) passes from first-order type kinetics at low
[A] towards zero-order kinetics at very high [A]. Second, even though there are similar ki-
netic characteristics (Vmax, half-saturation concentration, and Ky,), they are not fully equiva-
lent. K, in eq. (2) has the dimension mol® 1%, whereas in eq. (3) the dimension is mol I”". Fur-

thermore, the half-saturation concentration, i.e. the substrate concentration yielding vmay/2 and
termed [NO]J, . », is formally not identical with K, in eq. (2); rather [NO],, . » = {/K,, (de-

tails in Appendix S1). In contrast, in eq. (3) [A],, .2 = K.

There is a concentration range with a particularly sharp response of v to changing [NO].
Such a range does not exist in eq. (3). If the enzyme operates in the range of such pronounced
slope, it can sensitively react by significantly increased NO scavenge if nitrite reduction acci-

dentally becomes too fast.

0 [A]

Fig. 6. Rate as a function of substrate concentration for homo-bimolecular (1a, 1b) and monomolecular (2) reac-
tion of a substrate at an enzyme. For convenience, all reactions are displayed with 'normalized' va .. Reaction
(1a) has the same numeric K,,-value and reaction (1b) the same [A]ymax2 as reaction (2).

Stoichiometric aspects of proposed NO dismutation in carbon metabolism

Despite the proposed common principle of NO dismutation as an O, source for hydrocarbon

functionalization in strain HAN1 and M. oxyfera, there are interesting, delicate differences due
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to their unequal carbon substrates. CHy-derived CH3OH provides from one molecule 6 e,
whereas a long-chain alcohol such as C;sH33OH formed from hexadecane provides 96 e
(Zedelius et al., 2011). Hence, the relative withdrawal of e~ for substrate functionalization in
M. oxyfera is much higher. Fig. 7 compares NO utilization, O, production and the flow of

electrons and carbon in both organisms.

If, for simplified treatment, cell synthesis is ignored, strain HAN1 performs the net reac-

tion
5Ci6Hss + 98 NO; + 18 H'
— 80 HCO;™ + 49 N, + 54 H,0. 4)

Activation of 5 Ci¢Hs4 requires 10 e and 5 O,. Production of the latter needs 10 NO. Because
the electrons can only come from the functionalized product, hexadecanol, electrons equiva-
lent to °/ag C1¢H330H (= i x 96 e =10 e ) are fully sacrificed for functionalization without
the possibility for build-up of a proton gradient. The remaining 4*/45 C sH330H (= 470 ¢") are
for NO;™ respiration. If O, formation for functionalization would be exactly stoichiometric, a
moiety of 10 NOs~ would be reduced only to the level of NO providing O,, thus consuming
30 e¢". The remaining bulk of 88 NO;~ would be reduced further via N,O and thus consume
440 e . On the other hand, an exact 'stoichiometric fit' of O, production appears unlikely in
view of other scavenging reactions; rather, a variable amount of O,, in Fig. 7 designated a,
may be consumed by oxidases even if their expression is low in anoxic surroundings. Hence,

somewhat more than 10 NO, i.e. (10 + 2a) NO may be dismutated.
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98 NO, 98 H- 5 C,H,,CH,
\l’ / Strain HAN1
98 NO, 5 C,H,,CH,
196 e
N,
Al
98 NO,
98 e - - -
< }<7 (470 — 4a) e <_Y—>10 e
Al ¢ !
98 NO v
,‘“....... \k ................... ....,.. 5 C15H31CH20H
(88-2a) NO (10+2a) NO : 50, (480-4a) e ‘1'
(88 2a)e : g 5 C,H,CHO
(44-a) N,O ~
5|C,.H,,CO
(88-2a) e [ 157131 2]
\AA s
(44-a) N, (5+a) N, 40 [CH,CO, |
3 2
\L'->Anab
49 N, (54-2a) HZO\Za H,0 80 CO,
49 N, 54 H,0 80 CO,
8 NO, 8 H 3 CH,
l/ / prp— v Fls(gi. 7..t Ctomp.zgllst(l)ln of tltlelptat(}ilsoof f1‘11trate
8 NO; 3 cH, and nitrite wi e postulated O, forma-

tion in strain HAN1 and Candidatus M.
oxyfera. Dotted line encloses the reactions
of the potential NO dismutases. Electron
flow is indicated in red. Diffusibility of O,
as a key reactant with dual use highlighted
3 CH30H by a halo.

A. In strain HdAN1, NO is suggested to
undergo both, canonical reduction to N,O,
and dismutation to N, and O,. The flexi-

3 [HCol ble, undefined stoichiometric amount of
"> Anab O, scavenged by respiration is indicated

by parameter a. The stoichiometrically

3 [HCO,] 'ideal' channeling of O, exclusively into

alkane activation would represent a spe-
cial case with a=0.

co, B. In M. oxyfera, apparently all NO un-
dergoes dismutation. (For possible O,
scavenge by accompanying bacteria see
Discussion.)

co,
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M. oxyfera performs the net reaction
3CH4+8NO, +8H"
— 3 CO,+4N;+ 10 H,O. (5)

Activation of 3 CHy4 requires 6 ¢ and 3 O,. Production of these 3 O, needs 6 NO. Because
again the electrons can only come from the functionalized product, methanol, 1 CH3;0H (6 ¢")
is sacrificed for functionalization. The remaining 2 CH3OH provide 12 e~ for respiratory pur-
poses and build-up of a proton gradient. Because all 8 NO,  are reduced only to the level of 8
NO that yield 4 O, this reduction consumes 8 e, thus leaving 4 e . This number of electrons
exactly reduces the remaining 1 O, that does not enter the monooxygenase reaction (Wu et

al., 2011). Growth with methane through nitrate reduction according to
5CHs+8NOs +3H"
— 5HCO; +4 N, + 9 H,O (6)

would not be possible via internal O, formation and a monoxygenase reaction because the
reduction of 8 NO; ™ to 8 NO needs as many as 24 ¢ . Fuctionalization of 5 CH4 would need in
addition 10 e". The resulting total demand of 34 ¢ cannot be met by the 5 CH3;0H formed,
oxidation of which to 5 CO, yields only 30 ¢”. Hence, an organism with the present type of
methane functionalization would need an additional electron donor, or partner bacteria provid-
ing NO, ™ from NO; reduction with another electron donor (Deutzmann and Schink, 2011).
Methane catabolism according to eq. (6) would be only possible via monooxygenase-
independent functionalization such as involvement of methyl-coenzyme M reductase operat-
ing in opposite direction to methanogenesis (Scheller, et al., 2010; Thauer, 2011). However, it
is unknown whether this enzyme, which involves low-valent, strongly reducing states of
nickel (Thauer, et al., 1998), would be compatible with a cellular environment largely gov-

erned by high-potential denitrification biochemistry.

Considering interactions with other microorganisms

Microorganisms in situ capable of utilizing compounds that are not metabolizable by other
community members may loose intermediates that foster accompanying bacteria (commen-

sals). This is also possible with nitrate-derived intermediates. Whereas numerous denitrifying
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bacteria produce and consume, i.e. share pools of NO,, N,O and possibly also of NO
(Schreiber et al., 2008), only a few may form O,. Its leakage could favor commensals includ-
ing non-denitrifying aerobes or microaerobes that are unable to produce O, but able to scav-
enge this with high affinity. For the producer, diffusive loss of O, would implicate a lesser
stoichiometric need of electron donor. Formal treatment by ‘parametric’ stoichiometry is sim-
plest for methane-utilizing M. oxyfera. The principle can be extended to any electron donor
and also intermediates of nitrate reduction scavenged by accompanying bacteria. If an unde-

fined number of b O, is lost to the community, eq. (5) is modified to
(3-0.5h) CH; + 8 NO, +8 H"
— (3-0.5h) CO, + 4 N, + (10-b) H,O + b O,. (7)

Formally, 0 <5 <6 (b= 6 would mean nitrite dismutation). However, in the metabolism of
Candidatus M. oxyfera, the upper limit of O, loss would be much lower. Because CHy is acti-
vated to CH30H (= 6 ¢), and because 2 ¢ are needed for methane activation, 4 ¢ remain for
NO;  reduction to NO. Hence, there must be >2 CHy per 8 NO; in eq. (7), so that
(3—0.5h) 22 and b <2, i.e. 0 <h<2. One borderline case (b = 0) of eq. (7) is eq. (5), the
other (b=2) is eq. (8),

CH, (g) +4NO, +4H'
— CO, (g) +2N,+4 H,O+20, (g), (8)

[AG®> = =246 kJ (mol NO, )], which would still allow respiratory energy conservation by

NO; reduction.
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Outlook

The proposed chemogenic O, as a functionalizing agent may neither be restricted to denitrifi-
cation-coupled hydrocarbon utilization nor to strain HAN1 and M. oxyfera. For instance, che-
mogenic O; could allow post-synthetic lipid modification by acyl-chain desaturase (Aguilar
and de Mendoza, 2006) maintaining membrane fluidity if temperature decreases. Also, the O,-
dependent synthesis of the dehydrogenase cofactor, pyrroloquinoline quinone (PQQ; Magnus-
son et al., 2004) would be enabled under conditions of denitrification. Muricauda ruestrin-
gensis may also employ an NO reductase with dismutating capability (Fig. 4; Huntemann et
al., 2012). However, M. ruestringensis has not been investigated with respect to a dissimila-
tory nitrate metabolism. The genomic search did not reveal related NO reductases in
Dechloromonas aromatica strain RCB, a facultatively anaerobe reducing nitrate (or chlorate)
aromatic compounds even though its genome lacks typical enzymes for metabolizing the lat-
ter anaerobically (Salinero ef al., 2009). However, its genome did not reveal an enzyme re-
lated to NO-reductase of strains HAN1 or M. oxyfera that could explain the metabolism of
aromatics. On the other hand, certain phylogenetically unrelated NO reductases may also

dismutate NO.

In conclusion, NO dismutation would further underscore the biological versatility of this
toxic and amazingly simple compound. Other established usages and reactions are, besides
reduction to N,O common to denitrifiers, reduction to hydrazine (H,N-NH,) as key interme-
diate in anaerobic ammonium oxidation (Kartal et al., 2011), complete (possibly accidental)
reduction to NH;" by a multiheme enzyme (Costa et al., 1990), reduction to N,O for the pur-
pose of detoxification (Arkenberg et al., 2011 and references therein), and its wide-ranging
significance as a signaling compound in higher organisms (Ignarro, 2002; Besson-Bard et al.,

2008).
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Experimental procedures
Gas analyses

N3, N>,O and CO; in experiments revealing alkane utilization were analyzed by gas chroma-
tography and thermal conductivity detection as described (Zedelius et al., 2011; Appendix
S1).

Analysis of trace gases including those with isotope label was performed in a headspace-
free incubation vial (370 ml) connected directly to a membrane-inlet mass spectrometer
(MIMS; Kana et al., 1994, Ettwig et al., 2010). Cells grown with n-tetradecane and NOs~
were first pre-incubated for two days with N,O and then for one day with additional acety-
lene. The culture was anoxically transferred to the reaction vial, also filling a connected, not-
intermixed reservoir. A slow (0.6 ml min™") flow transported the stirred culture liquid from the

vial ‘online’ to the MIMS inlet. Solutes were injected with He-flushed syringes.

Experiments with NO

NO gas was liberated by reduction of NaNO, with KI in H,SO4, trapped and used to saturate
anoxic H,O (c. 1.9 mM NO at ambient pressure) as described (Schreiber ef al., 2008). The
NO-solution was injected. Alternatively the slow-release NO-donor 3,3-Bis(aminoethyl)-1-
hydroxy-2-oxo-1-triazene (NOC-18) (Sigma Aldrich) in anoxic, Ar-saturated H,O was ap-
plied (details in Appendix S1).

Comparative genomics and gene analysis

For enzyme search, sequences (=50 amino acids) of all predicted open reading frames of
strain HAN1 were blasted (cutoff E > 10™'°) against 794 non-redundant genomes (one per ge-
nus) selected from 1493 completely sequenced bacterial genomes
(ftp://ftp.ncbi.nih.gov/genomes/bacteria/all.gbk.tar.gz). Only the best 20 hits were kept.
Among these, eight open reading frames revealing a protein of Candidatus M. oxyfera were

further inspected manually.

For sequence comparison, 1962 full length amino acid sequences of heme-copper oxidase
family members (CCD206949) were obtained with text and homology searches from Gen-
bank. The sequences were analyzed with UCLUST (Edgar, 2010) to generate clusters with
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>70% amino acid identity. Using a representative from each cluster (536 in total), sequences
were aligned with MAFFT (Katoh et al., 2002). A phylogenetic tree based on an approximate
maximum likelyhood algorithm was created with FastTree2 (Price et al., 2010). All sequences
(112) belonging to the phylogenetic clade that contained the canonical nitric oxide reductases
(encoded by norB and norZ) were extracted and realigned more precisely (MAFFT, maxiter-
ate 1000 option). The alignment was inspected manually with JalView (Waterhouse et al.,
2009). After applying a 10% conservation filter reducing the alignment from 1473 to 755 col-
umns (the most conserved ones), a phylogenetic tree was created with FastTree2. Robustness
of bifurcations (instead of “bootstrap” values; Price et al., 2010) were estimated using

gamma?20 likelihoods.

Shotgun proteomic analysis

Medium with cells (400 ml) of strain HAN1 growing with tetradecane, tetradecene or tet-
radecanoate by NOj; -respiration or under air was separated from the carbon substrate by a
separatory funnel or by filtration (Whatman, grade 595) and subsequently harvested by cen-
trifugation. Hydrocarbon-grown cells were partly buoyant (Zedelius et al., 2011) so that the
pellet yield was low. The problem was overcome by repeating the addition of (10 mM) nitrate.
Pellets were washed with anoxic Tris-buffer, shock-frozen with liquid N, and stored at —80°C
until further analysis. Cell breakage by ultrasonication, cysteine alkylation, protein digestion
by trypsin or ApsN, peptide separation by 1D-nano-LC (Ettan MDLC, GE Healthcare) and
identification with a linear ion trap mass spectrometer (Thermo LTQ, Thermo Fischer) were

performed by Toplab (Martinsried, Germany) as described (Trautwein et al., 2012).

Fatty acid methyl ester (FAME) and wax ester analysis

Cellular fatty acids were converted to methyl esters (FAMEs) and separated by gas chroma-
tography as described (Sasser et al., 1990). Individual FAMEs were identified by their reten-
tion times and those of authentic standards. Long-chain wax esters were analyzed via gas
chromatography-mass spectrometry, based on their retention times and mass fingerprints in

comparison to those of an authentic hexadecyl hexadecanoate standard (Appendix S1).
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Appendix S1

Supporting Information for Results

Calculated N; and CO, formation from NO-respiration with hexadecane
Respiratory consumption of NO with hexadecane as electron donor according to
2 CyiH3z4 + 98 NO — 32 CO, + 49 N, + 34 H,0, (S1)

leads to '/, N, /NO and '*/4 ~ 0.327 CO, / NO. Thus, exclusive respiratory use of the addition of
5% 0.5 umol NO = 2.5 umol NO would have yielded 1.25 umol N, and 0.816 umol CO,. In Fig. 1,
these amounts were graphically added on top of the respective time courses of the control experiment

without injection of NO.

Table S1. Comparative genomics of strain HIN1 and Candidatus Methylomirabilis oxyfera on the level of trans-

lated amino acid sequences”.

Strain M. oxyfera Annotation Pos.”  Identity Length Transcription level

HdN1

identifier identifier (%) (x cov.)

HDNI1F DAMO

_ 01080 _ 0255 Haloacid dehalogenase-like hydrolase 1 37 1081 0.5

_02620 2437 NO reductase 1 60 787 353.0

2434 2 59 787 78.0

_02670 _2439 O, / light sensor, transcriptional 1 39 217 12.0
regulator

06090 _0203 Glycosyl transferase 4 34 242 0.2

07920 _le61 Tryptophan tryptophylquinone bio- 6 42 353 0.6
synthesis enzyme

_14990 _2509 Antitoxin of toxin-antitoxin stability 1 72 85 1.4
system

19430 1222 Membrane protein involved in aro- 2 32 424 0.2
matic hydrocarbon degradation

21280 2380 Cysteine desulfurase 3 57 416 2.0

22750 1582 Plasmid maintenance system antidote 8 48 91 0.0
protein

25900 2194 Transcriptional regulator 7 67 91 1.7

25910 2193 Phage derived protein Gp49-like 4 59 97 3.6
(DUF891)

_27170 0773 C,-dicarboxylate transporter 1 56 330 0.6

31800 _0361 Hypothetical protein (OsmC-like) 3 40 148 0.2

33430 1265 Hypothetical protein 8 30 147 0.1

35720 0450 Lytic murein transglycosylase 5 42 203 1.9

36560 1264 TonB-dependent receptor 1 35 682 0.6

37120 _1304 Hypothetical patatin/ phospholipase 5 36 460 1.1

a. Alignment via BLAST
b. Position of the hit among the best hits.

¢. Transcription level indicates the sequencing coverage of the gene in the Methylomirabilis transcriptomic study (Ettwig et al, 2010).
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Table S2. Detected proteins in strain HAN1 possibly involved in alkane degradation and denitrification. Cells

were grown anaerobically or aerobically with n-tetradecane or n-tetradecanoic acid

Identifier By relationship annotated as Average score of protein® in strain HIN1
HDNI1F
Name Function® NO; (- 0y) 0, (-NOy)
CisHso Ci;H;,CO” CisHso C3:H;,CO”

Denitrification
13240 NarG NO;™ reductase, alpha subunit 2391 2954 1001 91
13250 NarH NO;™ reductase, beta subunit 991 896 592 98
13260 NarJ NOs™ reductase, delta subunit 120¢ n.d. 94° n.d.
13270 Narl NOs™ reductase, gamma subunit n.d. 84° n.d. n.d.
37070 NirS Dissimil. cytochrome cd,

NO, ™ reductase precursor 2038 1923 2046 1955
02620 “Nod’ ° Candidate NO dismutase 1100 488 n.d. n.d.
20450 NorZ NO reductase (qNor) n.d. n.d. n.d. n.d.
37100 NorB NO reductase (cNor), subunit B n.d. n.d. n.d. n.d.
_37110 NorC NO reductase (cNor), subunit C n.d. 85 113° 116
37580 NosZ N,O reductase 3354 1327 571 844
Alkane degradation
17550 - Ferredoxin 138 n.d. 108 n.d.
17560 AhpG Cyt. P450 alkane hydroxylase 1608 n.d. 464 n.d.

17570 - Ferredoxin reductase 487 n.d. n.d. n.d.

04190 AlkM Alkane monooxygenase 670 n.d. 598 n.d.
12450 - Dioxygenase ferredoxin

reductase component 79 n.d. n.d. n.d.
14540 - Monooxygenase flavoprotein 569 n.d. 327 n.d.
26430 - 2-Nitropropane dioxygenase 405 347 431 303
30550 CypX Cytochrome P450 120 63° n.d. n.d.

a. Proteins colored grey are indirectly related to oxygenases by chromosomal proximity or functional prediction
b. Gene designation “nod” adapted from Ettwig et al. (2012)

c. Listed proteins have been identified in three independent biological replicates (except for d: identified twice; e: identified once) n.d. not detected
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Fig. S1. Identification of wax esters in strain HAN1 upon aerobic (A) or denitrifying (B) growth
with n-tetradecane. For comparison, a culture grown anaerobically with n-tetradecanoate was
included (C). Saturation or unsaturation is indicated for the fatty acid moiety (acyl chain). The

authentic standard (D) was cetyl-palmitat (hexadecyl-hexadecanoate, C16-C16:0 WE).
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Supporting Information for Discussion
Hypothetical dismutation of NO-Dismutation to NO, and N,O

If external NO is added, the reverse nitrite reductase reaction could generate electrons of
rather favorable potential (2 NO + 2 H,O —» 2 NO, + 4 H +2 e E” =+0.347 V) for re-
ducing another part of NO to N,O (2 NO + 4 H +2e¢ - N,O+H,0; E2=+1.172 V), re-

sulting in dismutation (redox potentials in Thauer et al., 1977; Zedelius et al., 2011)
4NO +H,0 - 2NO, +2H +N,0 (S2)

AG®’ = —40 kI (mol NO)™

Interpretation of mass 32

Other biogenic compounds of mass 32 would be methanol (CH;OH), hydrazine (N,H4) and
hydrogen sulfide (H,S). However, their formation upon nitrite addition to cells adapted to

denitrification with long-chain alkanes is not expected.

Calculation of redox potentials of alcohol / alkane couples

Redox potentials given in the text as £°’° (i.e. for pH = 7) for dehydrogenation of saturated

hydrocarbons to alcohols,
AIkH + H,0 = Alk-OH+2¢ +H,

short form: AlkOH / AlkH + H,O (S3)
(Alk = prim., sec., tert. Alkyl)

at primary, secondary and tertiary carbon atoms were calculated from A¢G°-values of the

respective alcohols and alkanes (Table S4).
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Table S4. Free energy of formation of selected alkanes and alcohols.

Compound AsG° Reference

kJ mol™
CH4 (g) -50.75 (Thauer et al., 1977)
CH;OH (aq) -175.39 (Thauer et al., 1977)
CH;—-CH,—CH; (g) -17.2 (Speight, 2005)
CH;—-CHOH—-CHj; (aq) -177.0 (Thauer et al., 1977)
CH;—CH,—(CH;)CH—-CH; (19) -13.71 :

-14.6 (D’Ans Lax, 1983)

CH;—CH,—(CH;)OH—CHj; (1q) —-175.3 (Speight, 2005)

-199 (D’Ans Lax, 1983)

* The AG°-value of 2-methylbutane (Iq) was calculated from AH° = 178.4 kJ mol™
(Speight, 2005) and entropy of formation, AS® = —552.4 JK'mol™, as AG® =
AH® — T AsS°® (T = 298 K). AgS°® was calculated from (the absolute) S°-values of Cyrppites
H, (g) and 2-methylbutane (1q), which are 5.74, 130.68 and 260.4 ] K" mol™" respectively
(Speight, 2005).

2-Methylbutan-2-ol (Iq) was chosen because data for tertiary alcohols in aqueous (aq) reference state
were not found. 2-Methylbutan-2-ol has limited solubility in H,O so that liquid (lq) and aqueous (aq)
state can be in equilibrium, i.e. reactions of aqueous state are energetically similar as reactions of liquid
state. Values for 2-Methylbutan-2-ol (aq) based on Speight (2005) and D’Ans Lax (1983) deviate sig-
nificantly, thus yielding rather different £°’-values for tertiary carbon dehydrogenation of —0.022 and

—0.140 V, respectively.

Table S3. Range of n-alkanes used by some
known aerobic bacteria

Acinetobacter sp. strain Ths Cis—Cs
Alkanivorax borkumensis Cy —C5,
Marinobacter hydrocarbonoclasticus Ci16—Cso
Oleiphilius messinensis Cii—Cy
Oleispira antarctica Ci—Cis
Thalassolituus oleivorans C; —Cy
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Rate of the homo-bimolecular reaction of NO

Because NO, dismutation is strongly exergonic, there is essentially no reverse reaction so

that the kinetic model with one lumped enzyme-bound state is

Vi ki Vi ki,
2NO+E —— E(NO),—/> N,+0,
v,k (S4)

with & designating rate constants (rate coefficients assumed to be concentration-independent)
and v the concentration dependent rates. In a steady state (no change of concentration of en-
zyme and enzyme-substrate complex), the rate of complex formation must equal the sum of

the rates of complex decomposition, i.e.

Vi =Vt v, (S5)
or with corresponding rate constants and concentrations

k[NOT’[E] = ki [E(NO),] + ko[ E(NO),] . (S6)

Because the net rate, which equals vy, is of interest, the concentration of the enzyme-
substrate complex, [E(NO),], must be known.

This is achieved by substituting [E] = [E;] — [E(NO),], where [E] is total enzyme, and solv-
ing for [E(NO),]:

k1 [NOTX([E{] - [E(NO),]) = ki2[E(NO),] + k-1 [E(NO),] (57)
k+1[NO]2[Et] = [E(NO)J(k-y + ki + k+1[NO]2) (S8)
k ,[NOT[E,] [NOT[E,]
_ +1 t _ t
[ENOLI= k +k,, ""k+1[NO]2 7](*1 Tk + [NO]2
ko ) (S9)
Then the rate is calculated as
[NOT'k ,,[E,]
o =k, [ENO) = 7
71k +2 +[NO]2
* ) (S10)
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The product ki, [E¢] is the maximum rate, vimax, that would be achieved with fully saturated
enzyme. The expression (k_; + k:2)/ky; is defined as another constant (composite constant),

K, so that

v max [NO]Z

YNo 2
k_ +[NO] ' (S11)

There is an NO concentration that yields half of the maximum rate, vi/2, and which is des-

ignated [NO], . ». Hence, this is calculated as

V max [No]imax/z
s (S12)
) _INOE_,
K, +[NOE ,
o (S13)
[NO]Vmax/z = VKm : (814)

The ‘classical’ equation of a monomolecular reaction of a compound A (or a bimolecular

reaction with co-reactants of constant concentration) is

v = max [A]
AT K +[A
n ]. (S15)
Here, the half-maximum rate is
v AL,
05v,.= K_+1Al ,
max , (S 1 6)
so that
[A] a2 = Kine (S17)
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Details of Experimental Procedures

Preparation of solutions of NO and slow-release NO-donor

NO gas was prepared by reduction of NaNO, with KI in aqueous H,SOy,

2NO, +2T +4H > 2NOT+ 1L +2 H,0, (S18)

dissolved in anoxic H,O to saturation (1.9 mM NO at ambient pressure) as described (Schrei-
ber et al., 2008), and stored in butyl-rubber sealed glass tubes or serum bottles. A solution of
the slow-release (half-life time, c. 57 h; Hrabie ef al., 1993) NO-Donor 3,3-bis(aminoethyl)-1-
hydroxy-2-oxo-1-triazene (Fig. S2; NOC-18, Sigma Aldrich) was prepared by dissolving 1
mg in 1 ml of phosphate buffer (0.1 M, pH = 7.4) in a tube (4.5 ml). The tube was sealed with
a butyl rubber septum and deoxygenated by passing Ar for 15 min via hypodermic needles

through the septum.

o

+

N NH
Néf? \\\N///\\\\/// ’
éH L\\\///NH2

Fig. S2. The two NO-moieties (blue) of NOC-18 are

slowly released as NO.

Headspace gas analysis

N», CO; and N,O levels in the headspace of anoxic cultures were measured using a GC 8A
gas chromatograph (Shimadzu) equipped with a thermal conductivity detector (TCD) and a
Porapak Q column (Sigma-Aldrich, St. Luis, USA). Argon was used as carrier with a flowrate
of 15 ml min . Cultures which received the additions were pre-incubated with 20 pmol NO,
to ensure a metabolically active state. Additions were injected when N, or CO, production
with nitrite had ceased. Amounts of N, and CO, present at this point (day zero) were sub-

tracted to consider only the production from the additions. Controls did not receive any addi-
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tions and were not pre-incubated with nitrite. For calculation of absolute amounts, the dis-
solved fraction was accounted for as described before (Zedelius et al., 2011). Serum bottles
(165 ml) were filled with 10 ml phosphate-buffered anoxic medium under an atmosphere of
argon and closed with butyl rubber stoppers and aluminum crimps. Duplicates for each cul-

ture condition were prepared and measured twice at each sampling point.

Culture preparation for membrane-inlet mass spectrometry (MIMS)

HdN1 cultures were grown anaerobically in 500 ml rubber-stoppered glass bottles with 10
mM NaNOj; and 500 pl n-tetradecane in 400 ml He-saturated, phosphate buffered (30 mM)
medium at 28°C. When all nitrate was reduced (as checked with Merckoquant test strips;
Merck), 50 ml of N,O gas (Air Liquide) was added to the culture headspace. Two days later,
acetylene-saturated water was injected (10%, vol/vol). After 12 h incubation, the cells were
anoxically transferred into the MIMS-setup by application of an Ar-overpressure. The setup
had been deoxygenated before by flushing with He.

Setup for membrane-inlet mass spectrometry (MIMS)

The MIMS-setup was essentially as described by (Ettwig et al., 2010). In short, it consisted of
a gas-tight round reactor without headspace connected to a membrane-inlet for mass spectro-
metric analysis (Fig. S3). The reactor was constantly mixed by a glass-coated stir bar. Liquid
from the reactor was pumped constantly at ~0.7 ml min' to the membrane-inlet via gas tight
tubing. When the pumped liquid reached the silicone membrane, volatile non-ionic com-
pounds diffused into the quadrupole mass spectrometer (GAM 200, InProcess Instruments,
Bremen, Germany) via a cold-trap (—20°C) to remove water. The reactor was connected to a
culture reservoir which was connected to a helium-line, thus excluding suction of air if the
culture level dropped. Dissolved compounds were injected into the reactor via stoppers by
means of anoxic syringes. Mixing with the reservoir was marginal because the connection

was narrow (3—5 mm) and long (115 mm).
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Fig. S3. MIMS setup for real-time analyses of volatile compounds dissolved in the culture liquid.

Analysis of fatty acid methyl (FAME) and wax esters

Cellular fatty acids were converted to fatty acid methyl esters (FAMEs) and analyzed by gas
chromatography (GC) or gas chromatography mass spectrometry (GCMS) as described
(Sasser et al., 1990). Cells (c. 0.2 g wet mass) were aerobically or anaerobically grown in 400
ml medium with the indicated carbon and electron source and harvested by centrifugation. In
tetradecane and tetradecanoate cultures, the organic substrate was removed as described for
the preparation of shotgun proteomic analysis (Experimental procedures). Long-chain wax
esters were co-extracted during FAME-extraction and appeared in the same chromatograms.
FAMEs analyzed via GC were identified by their retention times and those of standards in
published chromatograms. Wax esters analyzed via GCMS were identified by their mass fin-
gerprints and by their retention times; an authentic hexadecyl-hexadecanoate standard was

included.

Samples (1 pl) for GC were analyzed via flame ionization (FID) on an Auto System gas

chromatograph (PerkinElmer, Uberlingen, Germany). Compounds were separated on an Op-
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tima-5 column (film thickness, 0.25 pm; i.d., 0.32 mm; length, 50 m; Macherey-Nagel). The
following temperature program was applied: The injection port temperature was 250°C, and
the column start temperature was 90°C (held for 2 min). The column temperature was first
increased to 155°C at a rate of 5°C min ', subsequently to 320°C at a rate of 30°C min "', and
held at 320°C for 4 min. The detection temperature was 350°C. The split ratio was 1:10.

Samples for GC-MS (1 pl) were analyzed on a Trace GCMS (Thermo Finnigan, Waltham,
USA). Separation was performed on a HP-5 column (25 m x 0.2 mm x 0.33 pum; Agilent,
Santa Clara, USA). The following temperature program was applied: The injection port tem-
perature was 290°C. The initial column temperature was 90°C (held for 2 min). This was in-
creased to 155°C at a rate of 5°C min "', subsequently to 320°C at a rate of 30°C min ', and
then held at 320°C for 20 min.
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Nitrite-driven anaerobic methane
oxidation by oxygenic bacteria

Katharina F. Ettwig'*, Margaret K. Butler'*+, Denis Le Paslier>>*, Eric Pelletier®**, Sophie Mangenot?,
Marcel M. M. Kuypers®, Frank Schreiber®, Bas E. Dutilh®, Johannes Zedelius®, Dirk de Beer®, Jolein Gloerich’,
Hans J. C. T. Wessels’, Theo van Alen', Francisca Luesken', Ming L. Wu', Katinka T. van de Pas-Schoonen’,
Huub J. M. Op den Camp', Eva M. Janssen-Megens®, Kees-Jan Francoijs®, Henk Stunnenberg®,

Jean Weissenbach®**, Mike S. M. Jetten' & Marc Strous'”’

Only three biological pathways are known to produce oxygen: photosynthesis, chlorate respiration and the detoxification of
reactive oxygen species. Here we present evidence for a fourth pathway, possibly of considerable geochemical and evolutionary
importance. The pathway was discovered after metagenomic sequencing of an enrichment culture that couples anaerobic
oxidation of methane with the reduction of nitrite to dinitrogen. The complete genome of the dominant bacterium, named
'Candidatus Methylomirabilis oxyfera’, was assembled. This apparently anaerobic, denitrifying bacterium encoded, transcribed
and expressed the well-established aerobic pathway for methane oxidation, whereas it lacked known genes for dinitrogen
production. Subsequent isotopic labelling indicated that ‘M. oxyfera' bypassed the denitrification intermediate nitrous oxide by
the conversion of two nitric oxide molecules to dinitrogen and oxygen, which was used to oxidize methane. These results extend
our understanding of hydrocarbon degradation under anoxic conditions and explain the biochemical mechanism of a poorly
understood freshwater methane sink. Because nitrogen oxides were already present on early Earth, our finding opens up the

possibility that oxygen was available to microbial metabolism before the evolution of oxygenic photosynthesis.

With the ubiquitous use of fertilizers in agriculture, nitrate (NO; )
and nitrite (NO, ) have become major electron acceptors in fresh-
water environments'. The feedback of eutrophication on the atmo-
spheric methane (CH,) budget is poorly understood, with many
potential positive and negative feedback loops acting in concert®
This previously prompted us to investigate the possibility of anaer-
obic oxidation of methane coupled to denitrification (reduction of
NO; and NO,  through nitric oxide (NO) to nitrous oxide (N,O)
and/or dinitrogen gas (N5)), and microbial communities that per-
form this process were enriched from two different freshwater eco-
systems in The Netherlands®*, and recently from mixed Australian
freshwater sources by others. All independent enrichment cultures
were dominated by the same group of bacteria representing a phylum
(NC10) defined only by environmental 16S ribosomal RNA gene
sequences®. Although many surveys have found these sequences in
avariety of aquatic habitats worldwide, reports on the natural activity
of these bacteria are scarce (summarized in ref. 4).

Methane is one of the least reactive organic molecules’. Aerobic
methanotrophs overcome its high activation energy by a reaction with
molecular oxygen®. Anaerobic sulphate-reducing microbial consortia
activate methane by a reversal of its biological production, using a
homologue of the methane-releasing enzyme (methyl-coenzyme M
reductase) of methanogens®. These consortia usually consist of distinct
archaca related to methanogens and sulphate-reducing bacteria'.
Initially, it was hypothesized that anaerobic oxidation of methane

coupled to denitrification proceeded in a similar manner, with archaea
conducting reverse methanogenesis in association with denitrifying
bacterial partners®. However, it was subsequently shown that the com-
plete process could also be performed by the bacteria in the total
absence of archaea®'!. The overall reaction of methane with nitrite
(and nitrate) is thermodynamically feasible®”:

3CH, + 8NO,~ + 8H' =3CO0, + 4N, + 10H,O
(AG” = —928 kI mol ' CH,)

However, so far no known biochemical mechanism has been able
to explain the activation of methane in the absence of oxygen or
(reversed) methanogens.

Genome assembly from enrichment cultures

Weaddressed the unknown mechanism of nitrite-dependent anaerobic
methane oxidation by metagenomic sequencing of two enrichment
cultures described previously: one enriched from Twentekanaal sedi-
ment™"’, here designated ‘Twente’, and a culture from Ooijpolder ditch
sediment, designated ‘Ooij’. Both enrichments were 70-80% domi-
nated by populations of the same bacterial species (minimum 97.5%
16S rRNA gene identity; for microdiversity in culture ‘Ooij’ see ref. 4).
In the present study we propose to name this species ‘Candidatus
Methylomirabilis oxyfera’. The metagenome of culture “Twente’ was
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Bremen, Germany. ®Radboud University Nijmegen Medical Centre, Centre for Molecular and Biomolecular Informatics, Nijmegen Centre for Molecular Life Sciences, Geert
Grooteplein 28, "Radboud University Nijmegen Medical Centre, Nijmegen Proteomics Facility, Department of Laboratory Medicine, Laboratory of Genetic, Endocrine and Metabolic
Diseases, Geert Grooteplein-Zuid 10, *Radboud University Nijmegen, Department of Molecular Biology, Nijmegen Centre for Molecular Life Sciences, Geert Grooteplein-Zuid 26,
6525 GA, Nijmegen, The Netherlands. °Centre for Biotechnology, University of Bielefeld, Postfach 10 01 31, D-33501 Biclefeld, Germany. fPresent address: Australian Institute for
Bioengineering and Nanotechnology, University of Queensland, Brisbane, 4072, Australia.
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Table 1| Datab of g ic, proteomic and transcriptomic data

Enrichment culture Approach Molecule type Amount of data obtained NCBI-database, accession number

‘Twente’ 454 pyrosequencing DNA 90,353,824 nt Short Read Archive, SRR023516.1
Illumina sequencing DNA 196,814,368 nt Short Read Archive, SRR022749.2
Assembled genome DNA 2,752,854 nt GenBank, FP565575
Paired-end plasmid (10 kb) sequencing DNA 16,440,000 nt (trimmed) Project ID 40193 (linked to FP565575)
lllumina sequencing RNA 198,977,152 nt Gene Expression Omnibus, GSE18535
nLC LIT FT-ICR MS/MS Protein - Peptidome, PSE127

‘Ooij lllumina sequencing DNA 188,099,392 nt Short Read Archive, SRR022748.2
nLC LIT FT-ICR MS/MS Protein - Peptidome, PSE128

nLC LIT FT-ICR MS/MS, nanoflow liquid chromatography linear ion-trap Fourier-transform ion cyclotron resonance MS/MS analysis; nt, nucleotides.

obtained by 454 pyrosequencing, Illumina sequencing and paired-end
Sanger sequencing of a 10-kilobase (kb) insert plasmid library (Table 1
and Supplementary Fig. 1). Binning based on GC content and coverage
indicated that almost 60% of the metagenomic data from pyrosequen-
cing were associated with ‘M. oxyfera’. These data were initially
assembled into five scaffolds that could then be joined into a single
circular chromosome (2,753 kb; see Supplementary Table 1 for more
properties) by long-range PCR amplification.

Consistent with previous work", combined metagenomic data
contained no evidence for the presence of the archaea that were ori-
ginally suggested to form a consortium with the dominant bacterium?®.
Out of roughly 365,000 reads obtained by pyrosequencing, only 78
gave a Blast hit with a bacterial 16S or 23S rRNA gene sequence distinct
from ‘M. oxyfera’, and none matched archaeal sequences
(Supplementary Table 2). No other single species constituted a
numerically significant part of the overall enriched community to
enable the assembly of more than very small (most less than 2 kb)
fragments.

Short-read (32 base pairs) Illumina sequencing of culture ‘Ooij’
revealed that, in contrast with the near-clonal population dominat-
ing culture “Twente’ (for single nucleotide polymorphism (SNP)
frequency see Supplementary Fig. 2), a more diverse population of
‘M. oxyfera’ inhabited this culture, as commonly observed by meta-
genomic sequencing of microbial populations'?. In the present case
the estimated number of SNPs in culture ‘Ooij’ was more than three-
fold that in culture “Twente’. Because of this microdiversity, assembly
of larger contigs for culture ‘Ooij’ was impossible and the short reads
were mapped directly onto the complete genome of ‘M. oxyfera’.
Although the two enrichment cultures were dominated by the same
species, the sequences were apparently too dissimilar to enable map-
ping by the currently available approaches'”. A new mapping algo-
rithm based on iterated Blast searches was therefore developed™. This
allowed us to construct consensus sequences for genes of the ‘M.
oxyfera’ populations dominating enrichment culture ‘Ooij’. By pro-
teomic detection of peptides predicted from this consensus, the pro-
cedure was validated experimentally (Supplementary Table 3). The
average identity of the partial genome obtained from enrichment
culture ‘Ooij’ to the complete genome of ‘M. oxyfera’ was 91.1% at
the DNA level (open reading frames (ORFs) and RNAs), and the SNP
frequency among the Ooij populations was at least 3.45% (Sup-
plementary Fig. 2).

To facilitate the mechanistic interpretation of the genomic
sequence information, the transcription and expression of predicted
genes was investigated by Illumina sequencing of RNA and by liquid
chromatography—tandem mass spectrometry (LC-MS/MS) of
extracted proteins (Table 1).

Paradoxical predictions from the genome

Both enrichment cultures were grown anoxically and performed
methane oxidation coupled to the complete denitrification of nitrite
to N, (refs 3, 4, 11). We therefore inspected the genome, transcrip-
tome and proteome for homologues of known genes involved in
denitrification®. ‘M. oxyfera’ apparently lacked some genes necessary
for complete denitrification (Fig. 1a and Supplementary Table 4).
Genes for the reduction of nitrate to nitrite (narGHJI, napAB), nitrite
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to NO (nirSJFD/GH/L) and NO to N,O (norZ = qnor) were present
in the genome, and expression as proteins could be demonstrated for
Nap, Nir and Nor. However, with the exception of the accessory gene
nosL, the gene cluster encoding enzymes for the reduction of N,O to
N, (nosZDFY) was missing. Previous studies have shown that N,O
was not the main product of denitrification but was only produced in
trace amounts*''. However, on the basis of the analysis of the data
sets outlined in Table 1 and the fact that the ‘M. oxyfera’ genome
sequence seems complete, we judge it highly unlikely that genes
encoding canonical N,O reductase were overlooked and escaped
proper assembly. Because complete denitrification can also be
achieved by the combined action of multiple species, we could not
yet rule out the possibility that the missing catalytic activity was
complemented by other bacteria.

In a similar fashion, we searched for homologues of anaerobic
alkane activation enzymes, such as fumarate-adding glycyl-radical
enzymes'® and the methyl-coenzyme M reductase of reverse methano-
gens’. Consistent with the absence of archaea, the metagenome con-
tained no homologue of methyl-coenzyme M reductase. However,
alkane-activating glycyl radical enzymes, which had been proposed
to activate methane in these organisms’, were also missing. Instead,
the genome did encode the complete pathway for aerobic methane
oxidation (Fig. 1b and Supplementary Table 5). This well-known
pathway proceeds through methanol (CH;OH), formaldehyde
(CH,0) and formate (HCOOH) to carbon dioxide (CO,)%. In the

a norZ (1)
nirSJF norZ (2)
narGHJI D/GH/L norZ (3) nosDFYLZ
2NOy~ =t 2NO,~ b NO b NyO e
napABCDE
b mxaFJGIRSACKL/DE(T)  HyMPT-dependent C,
mxaF JGE(2) transfer reactions” fdhAB(T)
O,  pmoCAB mxaFJG(3) fae mtdB mch fhcABCD fdhAB/C(2)
CHgOH ===t CH,0 ===b ===b === === HCOOH =t CO,

CH,’

[ nirSJF Unknown
D/GHI/L enzyme _ Ny
2NO,” 2NO
2e” O, 29
CH;OH =
CH4? pmocAB

--|-> co,

Figure 1| Significant pathways of Methylomirabilis oxyfera. Canonical
pathways of denitrification (a), aerobic methane oxidation (b) and proposed
pathway of methane oxidation with nitrite (c). narGHJI, nitrate reductase;
napABCDE, periplasmic nitrate reductase; nirSJFD/GH/L, nitrite reductase;
norZ, nitric oxide reductase; nosDFYLZ, nitrous oxide reductase; pmoCAB,
particulate methane monooxygenase; mxaFJGIRSACKL/DE, methanol
dehydrogenase; fae, formaldehyde-activating enzyme; mtdB, methylene-
tetrahydromethanopterin (H;MPT) dehydrogenase; mch, methenyl-
H,MPT cyclohydrolase; fhcABCD, formyltransferase/hydrolase; fdhABC,
formate dehydrogenase. Genes in red are absent from the genome, those in
blue are present in the genome and those genes in green are present in both
the proteome and the genome. Asterisk, HyMPT-dependent reactions
involve the intermediates methylene-H,MPT, methenyl-H,MPT and
formyl-H,;MPT.
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first step of this pathway, methane is hydroxylated by a reaction with
oxygen, yielding methanol and water. This reaction is catalysed by the
enzyme methane mono-oxygenase (MMO). Both metagenomes con-
tained one set of pmoCAB genes encoding the particulate (membrane-
bound) form of this enzyme complex (pMMO); genes encoding the
soluble form were absent. Although the amino-acid sequences were
phylogenetically distant from all homologous sequences currently in
the databases (Fig. 2 and Supplementary Fig. 3), pmoA signature
residues and those important for function were well conserved
(Supplementary Fig. 4). The complete aerobic methanotrophic path-
way was found to be transcribed and expressed in both anaerobic
enrichment cultures (Supplementary Table 5), including the complete
tetrahydromethanopterin-dependent C; transfer module. The phy-
lum NC10 is thus only the fifth phylogenetic group known to harbour
this potentially primordial metabolic module'’”. Phylogenetic analysis
indicated that ‘M. oxyfera’ represents a deeply branching lineage of this
C, pathway (data not shown).

We were therefore faced with two anaerobic, denitrifying microbial
communities that were dominated by the same species, an apparently
aerobic methanotroph incapable of complete denitrification. To resolve
this puzzle, we investigated whether ‘M. oxyfera’ produced N, by means
of a previously unknown mechanism. Figure 1c shows a possible mech-
anism that could resolve the conflict between the genetic and experi-
mental evidence; it is based on the conversion of two molecules of NO
into O, and N,. This reaction is thermodynamically favourable
(AG”" = —173.1kJmol ' O,) but kinetically difficult'®. No catalyst
operating at biologically relevant temperatures (0—100 °C) is known,
although for higher temperatures several catalysts (for example copper
zeolites) have been developed that decompose NO from industrial
and automobile exhaust fumes'”. The production of oxygen as a
metabolic intermediate is not completely new to biology: dismutation
of the toxic intermediate chlorite (ClIO,” — Cl~ + O,) by chlorate-
reducing bacteria prevents cell damage and yields oxygen for chemo-
organotrophic respiration®, or possibly for mono-oxygenase-dependent
biosynthesis®'.

The pathway outlined in Fig. 1c would require only one new
enzyme, an ‘NO dismutase’, to catalyse a thermodynamically feasible
reaction and replace N,O reductase. The oxygen produced would
become available to oxidize methane aerobically, explaining the pres-
ence of genes for aerobic methane oxidation in the ‘M. oxyfera’ genome
and the insensitivity of the cultures to oxygen®. In this model, the
function of the putative quinol-dependent NO reductases (norZ)
could be the detoxification of NO rather than respiration, which is

Gammaproteobacteria PmoA

Gammaproteobacteria AmoA
Alphaproteobacteria PmoA
Verrucomicrobia PmoA
‘M. oxyfera' culture ‘Twente’
‘M. oxyfera’ culture ‘Ooij’
Soil and sediment clones PmoA

Betaproteobacteria AmoA

Gammaproteobacteria PmoA

Verrucomicrobia PmoA

Uncultured methane-seep bacterium ERBWC_3B
Crenarchaeota AmoA

05

Figure 2 | Phylogeny of ‘Methylomirabilis oxyfera' pmoA protein
sequences. Neighbour-joining tree showing the position of enrichment
cultures ‘“Twente’ and ‘Ooij’ (in bold) relative to other pmoA and amoA
sequences. The distance tree was computed with the Dayhoff matrix-based
method, and bootstrapping of 100 replicates was performed within the
neighbour-joining, minimum-evolution, maximum-parsimony and
maximum-likelihood evolutionary methods. Bootstrapping results are
summarized on the tree, with filled circles representing branch points at
which all four methods give greater than 70% support. The scale bar
represents 50 amino-acid changes per 100 amino acids. See also
Supplementary Fig. 3 for more detailed tree and bootstrap values.
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consistent with its function in most other known bacteria®.
Alternatively, together with two multi-copper oxidases encoded in
the genome, they are hypothetical candidates for catalysing the oxygen
production from NO.

Experimental evidence for the proposed pathway

The operation of the new pathway was addressed experimentally in a
series of experiments performed with culture ‘Ooij’. Its activity was
higher than that of culture “Twente’, and it was less sensitive to
experimental handling. To corroborate the coupling of nitrite reduc-
tion to methane oxidation, we first incubated 380 ml of the enrich-
ment culture with '*C-labelled methane and with nitrate (2 mM) as
the only electron acceptor while monitoring the concentration and
isotopic composition of the dissolved gases. With nitrate only, no
methane oxidation was detectable and no N, was produced. On
addition of °N-labelled nitrite, methane oxidation began and
labelled N, was formed in stoichiometric amounts (Fig. 3a).
Together, these results showed unambiguously that methane oxida-
tion by ‘M. oxyfera’ cultures proceeded in the absence of extracellular
oxygen: the oxygen concentration remained below the detection
limit (0.3 pM), the activity was dependent on the presence of nitrite,
and the stoichiometry of the reaction indicated that no electrons were
lost to other electron acceptors (theoretical stoichiometry 3CH,/4N,;
measured stoichiometry 3/3.87). The experiment also confirmed that
denitrification was complete, despite the lack of genes encoding N,O
reductase in the genome of ‘M. oxyfera’. Similar results were obtained
after the addition of "’NO (Supplementary Fig. 5). This indicated
that NO was an intermediate of ‘M. oxyfera’, and the results are
consistent with the presence and expression of nitrite reductase.

To test whether N, production by ‘M. oxyfera’ proceeded through
N,O as an intermediate, the enrichment culture was incubated with
BCH4, nitrate and N, O, but without nitrite. Under these conditions,
neither methane nor N,O was consumed (Fig. 3b). Consistent with
the genomic inventory, N,O was apparently not a suitable electron
acceptor for methane oxidation. Again, methane was oxidized only
after the addition of ’NO, ", and almost all (93%) of the label was
recovered in N,. Only a small amount (7%) of the *NO,” was
converted to N,O, presumably by community members other than
‘M. oxyfera’. Because a large amount of unlabelled N,O was present
from the start, it can be assumed to have fully penetrated the micro-
bial cells, even those residing in aggregates. For this reason we would
expect that if N,O had been turned over as an intermediate during
nitrite reduction by ‘M. oxyfera’, most >N label would have been
recovered as N,O, because the cells would mainly reduce the un-
labelled N,O to N,. Hence, the >N label would be ‘trapped’ in
the N,O ‘pool’, and definitely so for a model in which the missing
genes for N,O reductase would be complemented by other bacteriain
the enrichment culture. However, it is still a possibility that in
‘M. oxyfera’ N,O production and reduction are extremely strictly
coupled. Given the absence of genes for a conventional N,O reduc-
tase®, N, production would depend on the presence and activity of
an as yet unknown functional analogue. Thus, even in this con-
servative model it is likely that a novel enzyme produces N, in
‘M. oxyfera’.

N,O reductase is inhibited by acetylene (C,H,) at millimolar con-
centrations", and the addition of acetylene would therefore be a
straightforward method of providing further evidence for the
absence of this enzyme. However, acetylene also inhibits pMMO at
much lower concentrations (micromolar range)**. Thus because the
genomic and proteomic analyses suggested that pMMO was the
methane-activating enzyme in ‘M. oxyfera’, a complete inhibition
of total activity by acetylene would be expected for this organism.
Indeed, experiments with culture ‘Twente’ suggested complete
inhibition of methane oxidation activity at concentrations as low
as 10 uM acetylene (data not shown).

To provide more evidence for the potential role of pMMO in
anaerobic methane oxidation, we used an established assay for
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Figure 3 | Coupling of methane oxidation and nitrite reduction in
enrichment cultures of ‘Methylomirabilis oxyfera'. Methane is oxidized only
after addition of '*N-labelled nitrite (50 pM, arrow), which is converted to
!*N-labelled dinitrogen gas in the presence of about 2,000 uM '*N-nitrate
(a) or 2,000 uM “*N-nitrate and 135 pM "*N-N,O (b). Experiments were

pPMMO activity, the oxidation of propylene (propene, C;Hg)*. In
this assay, pMMO adds one oxygen atom from O, to propylene,
yielding propylene oxide (propylene epoxide, C3HgO). In incuba-
tions of enrichment culture ‘Ooij’ with propylene, formate and oxygen,
aerobic pMMO activity occurred at a rate of 0.54 nmol C;HsO min ™'
per mg protein. Next, nitrite was added instead of oxygen.
Interestingly, in the presence of nitrite propylene was oxygenated more
rapidly (0.94 nmolmin~"' per mg protein) than in the presence of
oxygen. No activity above background levels was detected with N,O
or nitrate. Also in this experiment, the pMMO activity was completely
inhibited by 0.15 mM acetylene. To exclude the possibility that con-
taminating oxygen could explain the observed pMMO activity, we
used '*O labelling to trace the oxygen atoms of nitrite into propylene
oxide. The direct use of '*O-labelled nitrite proved impossible, because
the "*O was quickly exchanged with the unlabelled '*0 from water,
presumably through the activity of nitrite reductase” (Supplementary
Fig. 4). To overcome this problem, we generated *O-labelled nitrite in
the incubations themselves by adding *0-labelled water. In this way,
incorporation of the '*0 from nitrite into propylene oxide was shown
(74-88% originating from nitrite). In line with theoretical expecta-
tions, control incubations confirmed that O was not exchanged
between water and O, or propylene oxide, and that '*O-labelled water
did not lead to propylene oxide formation in the absence of nitrite.
Control incubations with aerobic methanotrophs were not active with
nitrite and did not incorporate **0 from nitrite.

In theory, two mechanisms could explain this result: first, the direct
use of NO by pMMO), or second, the production of oxygen by pMMO
oraseparate enzyme followed by consumption of the produced oxygen
by pMMO (Fig. 1¢). The divergent position of the ‘M. oxyfera’ pMMO
(Fig. 2) may argue for the first possibility; however, most residues
typical for pMMOs were conserved (Supplementary Fig. 4). The 3:8
methane:mitrite stoichiometry observed renders the second possibility
more likely, because apparently not all NO is reduced through pMMO.
With the second possibility the remaining oxygen (25%) may be con-
sumed by terminal oxidases.

We addressed these two possibilities experimentally by measuring
the production of '®O-labelled oxygen in the incubations with pro-
pylene. Indeed, a small amount of labelled oxygen was released in
anoxic incubations with propylene, nitrite and '*O-labelled water
(0.15 nmol min " per mg protein; Fig. 4). In control incubations of
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performed with 380 ml of anoxic, stirred enrichment culture ‘Ooij’ (protein
content 147 = 11 mg). Red circles, CH,; dark blue triangles, 135N light
blue triangles, '>'*N,; green squares, total N,O; dark green squares, '*'°N,O
and >1°N,0.

aerobic methanotrophs in the presence of **0-labelled water and
'®(-labelled nitrite, no labelled oxygen was detectable, ruling out
chemical or non-specific reactions with pMMO. In addition, produc-
tion of oxygen by enzymes for the detoxification of reactive oxygen
species, for example catalase or superoxide dismutase, is unlikely,
because reactive oxygen species are not known to be produced in
the absence of oxygen, even when NO is present®. Furthermore, these
enzymes are presumably more active in aerobically grown methano-
trophs, which did not produce oxygen from nitrite. When methane
was used instead of propylene, no oxygen was released by ‘M. oxyfera’.
This may be explained by the roughly 2-3-fold higher enzymatic rates
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Figure 4 | Oxygen production from nitrite in ‘Methylomirabilis oxyfera'.
Whole cells of enrichment culture ‘Ooij’ were incubated in buffer containing
nitrite and 25% '®0-labelled water, leading to 90% O exchange within

30 min. Total oxygen production from this indirectly labelled N**0,~ was
inferred from the measured concentration of ''%0, and '*'%0, in the
helium headspace with the following additions: propylene (dark blue
diamonds), propylene and acetylene (blue triangles), methane (purple
squares) and oxygen (light blue circles). Anaerobic control incubations of
Methylosinus acidophilus (red asterisks) with '*O-labelled nitrite did not
produce measurable amounts of oxygen. Cells were concentrated to obtain
similar maximum rates of propylene oxidation activity; 1.15 nmol min "
(with NO, ", 1.22 mg of protein) for ‘M. oxyfera’, and 1.68 nmol min~ ! (with
0,, 0.046 mg of protein) for M. acidophilus.
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with methane (Fig. 3 and ref. 4) than with propylene; the lower activity
of pMMO with propylene allowed some oxygen to escape.

Conclusions and perspectives

We have described the discovery of a new ‘intra-aerobic’ pathway of
nitrite reduction. This pathway resembles the original proposal for the
mechanism of denitrification. After its discovery in the nineteenth
century, it was generally assumed that denitrification proceeded by
the production of oxygen from nitrate, which could subsequently be
used for respiration (reviewed inref. 27). It therefore seems that an old
hypothesis may have been brushed aside too easily.

The new pathway of ‘intra-aerobic denitrification’ is not necessarily
restricted to methane-oxidizing bacteria: with all currently available
assays for denitrification the process would either be overlooked (for
example with the acetylene-block technique) or lumped together with
conventional denitrification (for example with isotope pairing). Under
dynamic oxic/anoxic conditions and with recalcitrant substrates
(aromatic compounds, alkanes and alkenes) the process may certainly
offer ecological advantages.

The production of oxygen from nitrogen oxides s also of interest for
ordering the evolution of metabolic pathways on early Earth, which are
mostly believed to have proceeded from reduced (for example fer-
mentation) to oxidized (for example aerobic respiration) path-
ways’”. In this model, the pathway presented here may have
evolved to exploit newly formed pools of nitrogen oxides after the
oxygenation of the atmosphere. Alternatively, on the basis of enzyme
phylogenies, respiration has been discussed as a primordial path-
way*®*! that originally depended on nitrogen oxides that were most
probably present on early Earth®’, although whether they were quan-
titatively importantis under debate®®*. Our study adds a new aspect to
this debate, because it is tempting to speculate that intra-aerobic denit-
rification may have preceded oxygen production by photosynthesis, or
extended the niches for the evolution of aerobic pathways in a still
predominantly anaerobic environment before the Great Oxidation
Event about 2.45 Gyr ago™. The intra-aerobic pathway presented here
would have enabled microorganisms to thrive on the abundant meth-
ane in the Archaean atmosphere™ without direct dependence on oxy-
genic photosynthesis, causing *C-depleted sedimentary carbon that
has so far been attributed to aerobic methanotrophs™.

‘Candidatus Methylomirabilis oxyfera’

Etymology. methyl (modern Latin): the methyl group; mirabilis
(Latin): astonishing, strange; oxygenium (Latin): oxygen; fera (Latin):
carrying, producing. The name alludes to the substrate methane, which
is oxidized by a surprising combination of pathways, involving oxygen
as an intermediate.

Locality. Enriched from freshwater sediments of the Twentekanaal
and Ooijpolder ditches, The Netherlands.

Properties. Methane-oxidizing and nitrite-reducing bacterium of
the candidate division NC10. Grows anaerobically, but produces
oxygen for the aerobic oxidation of methane. Reduces nitrite to
dinitrogen gas without a nitrous oxide reductase. Gram-negative
rod with a diameter of 0.25-0.5pum and a length of 0.8-1.1 um.
Mesophilic with regard to temperature and pH (enriched at 25—
30 °C and pH 7-8). Slow growth (doubling time 1-2 weeks).

METHODS SUMMARY

Molecular methods. DNA from both enrichment cultures was isolated as
described®, with modifications, and used as a template for pyrosequencing”,
construction of a 10-kb insert plasmid library (enrichment culture ‘Twente’) and
single-end Illumina sequencing (both cultures). Coding sequences of the closed
genome were predicted, and automatic functional annotation was performed
with MaGe™. Selected annotations (Supplementary Tables 4 and 5) were con
firmed manually.

Short reads resulting from Illumina sequencing of enrichment culture ‘Ooij’
were mapped onto the completed genome of ‘M. oxyfera’ (culture ‘“Twente’) with
an algorithm based on iterated Blast searches and validated by comparison with
proteomics results (ref. 14 and Supplementary Table 3).

ARTICLES

Protein extracts from both enrichment cultures were separated by SDS—
PAGE, trypsin-digested and analysed by LC-MS/MS*. Mass spectrometric data
files were searched against a database of predicted ‘M. oxyfera’ protein sequences.

Total RNA from enrichment culture ‘Twente’ was reverse-transcribed and
sequenced by the single-end Illumina technique.

Activity experiments. All incubations were performed at 30 °C and pH 7.3 with
P | Y S Py S A Teann (M ~3304
cell suspensions from culture ‘Ooij
mediates, 380 ml containing 2 mM NO;~ and 100 pM CH, was incubated anae-
robically while measuring the concentration and isotopic composition of CHy,
O, and nitrogenous gases with microsensors*** and membrane-inlet mass
spectrometry. N,O, ’NO,~ and "®NO were added as specified. Propylene oxida-
tion and oxygen production assays were performed with 0.5 ml of tenfold con-
centrated cells. NO, ™, formate and gases were added in combinations specified
in Results. '*0O-labelled NO, ™ was generated in ‘M. oxyfera’ incubations by
O-equilibration with 25% '®O-labelled water in the medium®. For
Methylosinus acidophilus (DQ076754) controls, 80-labelled NO, ™~ was used
in addition to "*O-labelled water. Propylene oxide in headspace samples was
quantified by gas chromatography*!, and formation of "*0, and incorporation of
80 into propylene oxide was determined by coupled gas chromatography—mass
spectrometry as described*, with modifications.

B measnrement of nilrocenaus: infer:
. rOf incasureineiit of nitrogenous inter-

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

DNA preparation. DNA from both enrichment cultures was isolated as
described®, with modifications. After incubation of biomass in DNA extraction
buffer for 2h, 0.7 vol. of phenol/chloroform/3-methylbutan-1-ol (25:24:1, by
volume) was added and the mixture was incubated for 20 min at 65 °C. The
aqueous phase was recovered by centrifugation and another treatment with
phenol/chloroform/3-methylbutan-1-ol was performed. The aqueous phase
was then mixed with an equal volume of chloroform/3-methylbutan-1-ol
(24:1, v/v) and the DNA was precipitated and cleaned as described™.
Sequencing methods. We performed 454 pyrosequencing on total genomic
DNA from enrichment culture ‘Twente’ with the Roche Genome Sequencer
FLX system by Keygene N.V.”. Sequencing of the single-end Illumina samples
was performed with total genomic DNA from both enrichment cultures, as
described. The samples were prepared in accordance with the manufacturer’s
protocol (Illumina). Subsequent sequencing was conducted on a genome
Analyser IT (Illumina). A 10-kb insert plasmid library of total genomic DNA
from enrichment culture ‘Twente’ was constructed; clones were picked and bi-
directionally sequenced by using standard protocols. Sequence data resulting
from the plasmid library and pyrosequencing were combined, and a preliminary
global assembly, performed with both Phrap® and Newbler (454 Life Sciences)
assembly softwares, resulted in five scaffolds containing seven contigs. Gaps were
closed and the genome was made circular with a combination of several methods,
such as sequencing of a transposon-shotgun library of plasmids overlapping the
assembly gaps (with 3,229 validated sequences obtained), and PCR amplification
and subsequent sequencing of regions between scaffold ends (297 validated
sequences). Identified in the genome were 47 transfer RNAs representing all
amino acids, 3 small RNAs and 1 ribosomal RNA operon, as well as all of the
63 conserved clusters of orthologous groups, confirming the completeness of the
genome. Gene prediction was performed with AMIGene software. Coding
sequences were predicted (and assigned a unique identifier prefixed with
‘DAMO’), and automatic functional annotation was performed as described
previously with the MaGe system®. Annotations for selected genes
(Supplementary Tables 4 and 5) were confirmed manually.

Phylogenetic analysis of PmoA and AmoA protein sequences. An alignment of
selected bacterial and archaeal PmoA and AmoA amino-acid sequences was
generated with MEGA version 4 (http://www.megasoftware.net), and conser-
vation of important residues was judged by comparison with refs 44, 45. There
were a total of 178 amino-acid positions in the final data set. A distance tree was
generated in MEGA, using the neighbour-joining method. Bootstrap values of
100 replicates were generated for neighbour-joining, minimum evolution and
maximum parsimony, with the Dayhoff matrix-based method. PhyML 3.0
(www.atgc-montpellier.fr/phyml/) was used to generate maximum-likelihood
bootstrap values.

Proteomics. A cell-free extract from the biomass of enrichment culture ‘Twente’
was prepared by concentrating a sample of the biomass in 20 mM phosphate
buffer and bead-beating for 2 min. The supernatant was then boiled for 10 min
in sample buffer. For a cell-free extract from enrichment culture ‘Ooij’, a sample of
the biomass was concentrated in 20 mM phosphate buffer containing 1 mM phe-
nylmethylsulphonyl fluoride, protease inhibitor cocktail and 1% SDS, and the
sample was boiled for 7 min. Both cell-free extracts were then loaded on an SDS—
PAGE gel, prepared with standard methods, with about 50 pg protein per lane.
After separation of proteins and staining with colloidal Coomassie blue, the gel
lane was cut into four slices, each of which was destained by three cycles of washing
with, successively, 50 mM ammonium bicarbonate and 50% acetonitrile. Protein
reduction, alkylation and digestion with trypsin were performed as described”.
After digestion, the samples were desalted and purified as described*’. Sample
analysis by LC-MS/MS was performed with an Agilent nanoflow 1100 liquid
chromatograph coupled online through a nano-electrospray ion source
(Thermo Fisher Scientific) to a 7-T linear ion-trap Fourier transform ion cyclo-
tron resonance mass spectrometer (Thermo Fisher Scientific). The chromato-
graphic column consisted of a 15-cm fused silica emitter (PicoTip Emitter, tip
8 & 1 um, internal diameter 100 pum; New Objective) packed with 3-pm C g beads
(Reprosil-Pur C,g AQ; Dr Maisch GmbH)*. After the peptides had been loaded
on the column in buffer A (0.5% acetic acid), bound peptides were gradually
eluted with a 67-min gradient of buffer B (80% acetonitrile, 0.5% acetic acid).
First, the concentration of acetonitrile was increased from 2.4% to 8% in 5 min,
followed by an increase from 8% to 24% in 55 min, and finally an increase from
24% to 40% in 7 min. The mass spectrometer was operated in positive-ion mode
and was programmed to analyse the top four most abundant ions from each
precursor scan by using dynamic exclusion. Survey mass spectra (m/z 350
2,000) were recorded in the ion cyclotron resonance cell at a resolution of
R =50,000. Data-dependent collision-induced fragmentation of the precursor
ions was performed in the linear ion trap (normalized collision energy 27%,
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activation g = 0.250, activation time 30 ms). Mass spectrometric datafiles were
searched against a database containing the predicted protein sequences from the
‘M. oxyfera’ genome and known contaminants, such as human keratins and
trypsin. Database searches were performed with the database search program
Mascot version 2.2 (Matrix Science Inc.). To obtain factors for the recalibration
of precursor masses, initial searches were performed with a precursor-ion tol-
erance of 50 p.p.m. Fragment ions were searched with a 0.8-Da tolerance and
searches were allowed for one missed cleavage, carbamidomethylation (C) as fixed
modification, and deamidation (NQ) and oxidation (M) as variable modifica-
tions. The results from these searches were used to calculate the m/z-dependent
deviation, which was used to recalibrate all precursor m/zvalues. After recalibra-
tion of the precursor masses, definitive Mascot searches were performed with the
same settings as above, but with a precursor-ion tolerance of 15 p.p.m. In addi-
tion, reverse database searches were performed with the same settings. Protein
identifications were validated and clustered with the PROVALT algorithm to
achieve a false-discovery rate of less than 1% (ref. 48).
Transcriptomics. Total cell RNA was extracted from enrichment culture ‘Twente’
biomass with the RiboPure-Bacteria Kit (Ambion) in accordance with the man-
ufacturer’s instructions. An additional DNasel treatment was performed (pro-
vided within the RiboPure-Bacteria Kit). RNA quality was checked by agarose-gel
electrophoresis, and the RNA concentration was measured with a Nanodrop ND-
1000 spectrophotometer (Isogen Life Science). First-strand cDNA was generated
with RevertAid H Minus M-MuLV Reverse Transcriptase (Fermentas Life
Sciences), in accordance with the manufacturer’s protocol. Second-strand
¢DNA synthesis was performed with RNase H (Fermentas Life Sciences) and
DNA polymerase I (Fermentas Life Sciences) in accordance with the manufac-
turer’s protocol. Purification of the double-stranded DNA for sequencing was
performed with the Qiaquick PCR Purification Kit (Qiagen) in accordance with
the manufacturer’s instructions, and single-end Illumina sequencing was per-
formed as described above.
Short-read sequence mapping. Reads resulting from the Illumina sequencing of
enrichment culture ‘Ooij’ were mapped onto the complete genome of ‘M. oxyfera’
(enrichment culture ‘Twente’) with an algorithm based on iterated Blast searches™.
In brief, the 32-nt Illumina reads were mapped to the ‘Twente’ reference genome
by composing a majority-vote consensus. This initial consensus assembly was then
taken to remap all short reads iteratively, improving the assembly coverage and
bringing the genome closer to the consensus of the sequenced population ‘Ooij’.
Three different programs were used to map the short reads to the reference genome
(Mag, Blast and MegaBlast), and with each program at least 12 iterations
were constructed. For Blast and MegaBlast several different word lengths were also
tried, ultimately yielding a total of 87 potential consensus genomes for the ‘Ooij’
culture [llumina reads (see Supplementary Table in ref. 14). To test empirically
which of these assemblies best described the ‘M. oxyfera’ ‘Ooij’ population, the
ORF coordinates from the complete ‘Twente” genome were mapped to each of
these assemblies (the reads were mapped without gaps, so the genomic coordinates
are identical) and all ORFs were translated into protein. Subsequently, the peptides
obtained by LC-MS/MS (see above) were mapped to these translated ORFs with
Mascot (see above). It was found that the Blast-based assembly with a word length
of 8 could explain the largest number of peptides (Supplementary Table 3). As the
number of peptides reached a plateau after seven iterations, we chose iteration 7 as
the optimal sequence for the ‘M. oxyfera’ ‘Ooij’ consensus genome. Positions at
which SNPs occurred were identified by mapping the Illumina reads of the two
enrichment cultures to their respective genomes with Maq (default settings). Sites
with a polymorphic consensus were designated as SNP sites.
Activity measurements. All activity experiments were performed at 30 °C and
pH7.3 (10mM MOPS) with whole cells from enrichment culture ‘Ooij’. For
measurement of nitrogenous intermediates (Fig. 3), 380 ml of enrichment culture
containing 147 = 11mg of protein, about 2mM NO;~ (to maintain the redox
potential) and 100 pM CH, were incubated in a modified Schott glass bottle with-
out headspace and stirred with a glass-coated magnet (Supplementary Fig. 7).
Microsensors for O, (ref. 41), N,O (ref. 40) and NO (ref. 42), prepared and
calibrated as described previously, were inserted into the culture through Teflon-
coated rubber. The concentration and isotopic composition of methane and nitro-
genous gases were measured in liquid withdrawn through a sintered glass filter by
membrane-inlet mass spectrometry, with a quadrupole mass spectrometer (GAM
200; IP Instruments). To compensate for the liquid loss, the setup was coupled to a
helium-flushed medium reservoir. N>O was added in gas-saturated anaerobic
medium, and "N-labelled NO,  as anaerobic stock solution. The 15NO stock
solution was prepared by adding H,SO, to a solution containing **N-labelled
NO, ™ and KI, and capturing the evolved NO gas in anaerobic water*.
Propylene oxidation and oxygen production assays (Fig. 4) were performed
(at least in duplicate) with 0.5 ml of tenfold concentrated whole cells from
enrichment culture ‘Ooij’ in 3-ml Exetainers (Labco). Biomass was centrifuged
anaerobically, washed once and resuspended in anaerobic, MOPS-buffered
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(pH 7.3, 10 mM) medium* without NO, ~ and NO; . Control incubations were
performed with the aerobic, methanotrophic o-Proteobacterium Methylosinus
acidophilus in NO, ™ -free M2 medium®. Samples were preincubated anaerobi-
cally for at least 4h with a helium headspace containing 6% CH, to deplete a
cellular store of electron acceptors. Pilot experiments had shown that rates of
propylene oxidation with and without added electron acceptors were otherwise
identical for up to 5 h. After removal of the CH, from the headspace by six cycles
of vacuum and helium (0.5 bar) supply, a combination specified in the Results
section of the following salts (as anaerobic stock solutions) and gases (purity
99% or greater) were added: **N-labelled NO, ™ (3 mM final concentration), O,
(6.5% in headspace, resulting in about 84 pM in solution), formate (5 mM final
concentration), propylene (16% in headspace), acetylene (0.4% in headspace,
resulting in 150 pM). N**0, ™ was not added directly to ‘M. oxyfera’ incubations
because the **0 in it was quickly equilibrated with O in water by the activity of
nitrite reductase®, leading to 96% equilibration with O in NO, ™~ within 30 min
(Supplementary Fig. 6). Instead, unlabelled NO, ™ was used in combination with
medium containing 25% '®O-labelled water (more than 97% **0; Cambridge
Isotope Laboratories). For control incubations of M. acidophilus, "*O-labelled
NO, ™ (produced as described® and checked by mass spectrometry after con-
version to N,O as described®) was used in addition to **O-labelled water,
because no nitrite reductase activity can be expected. Samples were horizontally
incubated at 30 °C on a shaker (250 r.p.m.). Headspace samples were taken every
30-60 min with a gas-tight glass syringe. Propylene oxide and CH, were quan-
tified by gas chromatography as described previously', with increased tempera-
tures of oven (150 °C), injection portand detector (180 °C). Oxidation rates were
calculated from the linear part of the graphs (R* =0.9), using at least three
measuring points. Samples not exceeding the rate of controls without added
electron acceptor (see above) were considered negative.

Formation of "0, was measured by coupled GC-MS as described previously?,
detecting the masses 32—36 Da. Calibration for small amounts of oxygen was
performed with known amounts of "*'®0, in helium and the '*'*0, and '***0,
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content of air, taking into account the average isotopic composition of atmo-
spheric O,. The lower limit for the accurate quantification of '®'*0, was
0.1 nmol ml™". Air contamination was minimized by flushing the inlet area of
the gas chromatograph with helium, and the measured values of '*'¥0, and
18180, were corrected for their abundance in contaminating air, assessed by the
amount of '*'%0, and "»"*N,. Incorporation of '*0O into propylene oxide was
measured with a modification of the above method at a higher column tem-
perature (150 °C) and detecting the masses 58—60 Da.
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E Appendix

This appendix is a compilation of supplementary figures and data, some media compositions
and detailed method descriptions that were not part of manuscripts and their respective ap-
pendices, but are of relevance to the overall thesis.

E.1  Supplementary figures and data
E.1.1 Detailed substrate spectrum of strain HAN1 (tabular)

Table E1. Compounds tested as electron donors and carbon sources with strain HAN1 under
aerobic conditions. Gaseous alkanes were added to the headspace with the indicated pressure.
Liquid or solid alkanes were added purely or dissolved in HMN (% in brackets, vol/vol).

Substrate tests (+ 4,4 added amount growth Day after inoculation
mmol air = 0,93 mmol O,) when growth was de-
tected by turbidity

n-Alkanes®
Methane 1 bar -
Ethane 1 bar -
Propane 1 bar -
Butane 1 bar -
Pentane (5%) -
Hexane (5, 20%) -
Heptane (5, 20%) -
Octane (20%) + 3
Nonane (20%) + 3
Decane (5%) + 3
Undecane (5%) + 3
Dodecane pure + 2
Tridecane pure + 2
Tetradecane pure + 2
Pentadecane pure + 2
Hexadecane pure + 2
Heptadecane pure + 2
Octadecane pure + 2
Eisane pure + 4
Tetracosane pure + 4
Hexacosane pure + 4
Octacosane pure + 4
Triacontane pure + 6
Tetracontane pure -

a Gaseous n-alkanes were added to the head space with CO,, according to Ehrenreich et al. (2000). Liquid n-
Alkanes (Ce-Cqs at 25°C) were added dissolved in HMN up to C44, higher alkanes added as pure substances.
Solid n-Alkanes (=Cy at 25°C) were melted and cooled to line the reaction-tubes prior to addition of the medium.
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Table E2. Compounds tested as electron donors and carbon sources with strain HIN1 under
aerobic conditions. Fatty acid substrates were added to the indicated concentrations (mM).

Substrate tests (+ 4,4 Added amount Growth

mmol air £ 0,93 mmol O,)

Fatty acids
Formiate® (10, 20 mM) -
Acetate (10, 20 mM) +
Propionate (5 mM) (+)
Butyrate (5, 10 mM) +
Valerianate (4, 8 mM) +
Caproate (3, 6 mM) +
Heptanoate (4 mM) +
Octanoate (4 mM) +
Nonanoate (1, 2 mM) (+)
Decanoate (0,51 mM) (+)
Dodecanoate (2 mM) +
Tetradecanoate (2 mM) +
Palmitate (1, 2 mM) +
Stearate (1, 2 mM) +

a Cultures with formiate were amended with 1 mM acetate as C-source.
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Table E3. Compounds tested as electron donors and carbon sources with strain HIN1 under
anaerobic conditions. Gaseous substrates were added to the headspace with the indicated
pressure. Hydrophobic substrates were added purely or dissolved in HMN (% in brackets,
vol/vol).

Substrate tests Added amount Growth day after ino. when
(+ 10 mM nitrate) growth was visible
n-Alkanes
Methane® 1 bar -
Ethane® 1 bar -
Propaneb 1 bar -
Butane® 1 bar -
Hexane (2%) (+) 4
Heptane (2, 4%) (+) 4
Octane (2, 5%) (+) 5
Nonane (2, 5%) (+) 5
Decane (5%) (+) 6
Undecane (5%) (+) 5
Dodecane pure (+) 22
Tridecane pure (+) 22
Tetradecane pure + 2
Pentadecane pure + 2
Hexadecane pure + 2
Heptadecane pure + 3
Octadecane pure + 3
Eisane pure + 4
Tetracosane pure + 4
Hexacosane pure + 4
Octacosane pure + 4
Triacontane pure + 7
Tetracontane pure -
1-Alkenes
1-Decene (2%) (+)
1-Tetradecene pure +
1-Hexadecene pure +
1-Heptadecene pure +

a Liquid n-alkanes (Cs-C1s at 25°C) were added dissolved in HMN up to C44, higher alkanes were added as pure
substances. Solid n-alkanes (=Cy at 25°C) were melted and cooled to line the reaction-tubes prior to addition of
the medium.

b Gaseous n-alkanes added to the head space with CO,, according to Ehrenreich et al. (2000).
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Table E4. Compounds tested as electron donors and carbon sources with strain HIN1 under
anaerobic conditions. Gaseous substrates were added to the headspace with the indicated
pressure. Hydrophobic substrates were added purely or dissolved in HMN (% in brackets,
vol/vol). Hydrophilic substrates were added to the indicated concentrations (mM).

Substrate tests added amount growth
(+ 10 mM nitrate)
Aromatics
Benzoate (1 mM) -
Phenyl-acetate (1 mM) -
Phenyl (0.5 mM) -
Toluene (1, 2%) -
Aldehydes
Decanal (0.5, 1%) +
Alcohols
Methanol (10 mM) -
Ethanol (10 mM) -
1-Propanol (5, 10 mM) -
2-Propanol (5, 10 mM) -
1-Butanol (5, 10 mM) -
2-Butanol (5, 10 mM) -
1-Octanol (0.5, 1%) (+)
1-Decanol (1, 2%) +
1-Tetradecanol pure
1-Hexadecanol pure +
2-Hexadecanol pure (+)
Phenyl-alkanes
1-Phenyldecane (1, 2%) -
1-Phenyldodecane (1, 2%) -
1-Phenyltridecane (1, 2%) (+)
1-Phenyltetradecane pure +
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Table ES. Compounds tested as electron donors and carbon sources with strain HIN1 under
anaerobic conditions. Hydrophobic substrates were added purely or dissolved in HMN (% in
brackets, vol/vol). Hydrophilic substrates were added to the indicated concentrations (mM).

Substrate tests added amount growth
(+ 10 mM nitrate)

2-Methylheptane (2,4%) -
3-Methylheptane (2, 4%) -
4-Methylheptane (2,4%) -
2-Methyloctane (2, 4%) -
3-Methyloctane (2, 4%) -
4-Methyloctane (2,4%) -
2-Methylnonane (2, 4%) -
3-Methylnonane (2, 4%) -
Liquid paraffin low density pure +
Liquid paraffin high density pure

Paraffin wax pure +
Cyclohexane (1, 2%) -
Ethylcyclohexane (1, 2%) -

Monocarboxylic Acids
3-Methylbutyrate (2, 4 mM) +
Fatty acids

Formiate (10, 20 mM) -
Acetate (10, 20 mM) +
Propionate (5, 10 mM) +
Butyrate (5, 10 mM) +
Valerianate (4, 8 mM) +
Caproate (3, 6 mM) +
Heptanoate (4 mM) +
Octanoate (4 mM) +
Nonanoate (1, 2 mM) (+)
Decanoate (0,51 mM) (+)
Undecanoate (0,51 mM) +
Dodecanoate (1, 2 mM) +
Tridecanoate (1, 2 mM) +
Tetradecanoate (1, 2 mM) +
Pentadecanoate (1, 2 mM) +
Palmitate (1, 2 mM) +
Heptadecanoate (1, 2 mM) +
Stearate (1, 2 mM) +
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Table E6. Compounds tested as electron donors and carbon sources with strain HAIN1 under
anaerobic conditions. Hydrophilic substrates were added at the indicated concentrations (mM

orgl™h).

Substrate tests
(+ 10 mM nitrate)

added amount

growth

Other compounds

Tartrate
Lactate
Pyruvate
Succinate
Fumarate
Malate
Citrate
Glutarate
Mannose
Fructose
Glucose
Ascorbate
Gluconate
Glycine
Alanine
Glutamate
Serine

Aspartate

Yeast Extract

Peptone

(5, 10 mM)
(10 mM)
(10 mM)

(5, 10 mM)

(5, 10 mM)

(5, 10 mM)

(5, 10 mM)

(5, 10 mM)

(5, 10 mM)
(2.5 mM)

(5, 10 mM)

(4, 8 mM)
(5, 10 mM)
(5 mM)
(10 mM)
(5 mM)

(5 mM)

(5 mM)
(59/)
59/
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E.1.2 HdN1 FAME Patterns
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Fig. E1. Reproduced from Ehrenreich, 1996. Distribution (%) of analyzed cell fatty acids of strain HAN1 in cells
grown anaerobically with hexadecanoate (A), heptadecanoate (B), n-hexadecane (C) and n-pentadecane (D) as
well as in cells grown aerobically with n-hexadecane (E), n-pentadecane (F). Black bars (H) indicate fatty acids
with an odd number of C-atoms in the carbon-backbone, white bars ([J) indicate fatty acids with an even number

of C-atoms in the carbon-backbone.
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18:1 A ] 18:1 B
I 17:0 I 17:0
16:1 cis 9 16:1 cis 9
] 16:0 ] 16:0
| 15:0 || 15:0
] 14:0 ] 14:0
| 14:0 iso | 14:0 iso
[ ] 12:0 ] 12:0
1 1 1 1 1 1 1 L
()} 20 40 60 80 100 ©0 20 40 60 80 100
18:1 c
16:1 cis 9
16:0
15:0
14:0
[ ] 12:0
1 1 1 1
()} 20 40 60 80 100

Fig. E2. Reproduced from Ehrenreich, 1996. Distribution (%) of analyzed cell fatty acids of strain HAN1 in cells
grown anaerobically with 1-hexadecene (A), 1-heptadecene (B) or 1-hexadecanol (C). Black bars (H) indicate
fatty acids with an odd number of C-atoms in the carbon-backbone, white bars (J) indicate fatty acids with an
even number of C-atoms in the carbon-backbone.
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E.1.3 Wax ester production by strain HAN1
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Fig. E3. Wax esters and FAMEs (grey caption) detected during FAME analysis. Cells of strain HIN1 were
grown with n-tetradecane (Ci4H;30) under air (with O,).
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Fig. E4. Wax esters and FAMEs (grey caption) detected during FAME analysis. Cells of strain HIN1 were
grown with n-tetradecane (C;4H;0) and nitrate (NO;").
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Fig. E5. Wax esters and FAMEs (grey caption) detected during analysis of ether extracts. Cells of strain HAN1
were grown with n-tetradecane (C,¢Hs4) under air (with O,).
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Fig. E6. Wax esters and FAMEs (grey caption) detected during FAME analysis. Cells of strain HIN1 were
grown with n-hexadecane (C,sHs34) and nitrate (NO5"). Identification of other compounds (grey caption) was
preliminary since authentic standards were not analyzed for comparison.
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Fig. E7. Wax esters and FAMEs (grey caption) detected during FAME analysis. Cells of strain HIN1 were
grown with tetradecanoate (C;4-o0ate) under air (with O,).
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Fig. E8. Wax esters and FAMEs (grey caption) detected during FAME analysis. Cells of strain HIN1 were
grown with tetradecanoate (Cy4-o0ate) and nitrate (NO3 ).
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Fig. E9. FAME:s (grey caption), but no wax esters detected during FAME analysis. Cells of strain HIN1 were

grown with pentanoate (Cs-oate) under air (with Oy).
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Fig. E10. FAMEs (grey caption), but no wax esters detected during FAME analysis. Cells of strain HIN1 were
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Fig. E11. Phenylalkyl wax esters produced during anaerobic growth of strain HAN1 with phenyl-tridecane. The
Gas-chromatogram and mass fingerprint with indicative mass fragments and molecular ion (M") are depicted.

174



Appendix

1.0 1
- Benzoate

0,94
- Phenylacetate
0.8 1

0.7 1
0.6
0.5 1

0.4 1

Benzoate, 2-Phenylacetate (mM)

+ Phenyl-C13 + Phenyl-C14 + Phenyl-C13 + Phenyl-C14
“ J “ J

aerobic nitrate reducing

Fig. E12. Concentrations of benzoate (grey bars) and phenylacetate (black bars) in the aqueous phase of
HdNT1 cultures grown under aerobic or nitrate-reducing conditions with 1-phenyltridecane (+ Phenyl-

C13) or 1-phenyltetradecane (+ Phenyl-C14).
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Fig. E13. Hypothetical pathways for the degradation of phenylalkanes under aerobic vs. nitrate-reducing condi-
tions in strain HAN1. Phenylalkanes diffuse passively into the cell. The activation reaction (at least under aerobic
conditions) should be similar to n-alkanes at a terminal C by a monooxygenases (in strain HAN1 e.g. the iron
dependent AIkM or the P450 hydroxylase AhpG). Oxygen as a co-reactant is present under aerobic conditions
and might be produced by NO-Dismutation under nitrate-reducing conditions enabling the same initial reactions.
Since mostly benzoate is produced during growth with phenyltridecane and mostly phenylacetate is formed from
phenyltetradecane, f-oxidation seems to be the main pathway employed under aerobic conditions. Under nitrate-
reducing conditions growth with either phenyltridecane or phenyltetradecane leads to the formation of benzoate,
suggesting that apart from p-oxidation with odd-numbered C-side chains, also B-oxidation of even numbered
side chains followed by a-oxidation of phenylacetate might take place. Both carboxylic acids are deprotonated at
the near-neutral pH present in the cultures so that either active transport or cell lysis would be necessary for their
release.
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E.1.4 Acetylene-inhibition of growth on alkanes and growth via N,O-reduction

Table E7. Tests with strains HIN1 and OcN1 on acetylene-inhibition of growth
on alkanes and on acetylene-inhibition of growth coupled to N,O-reduction in
strain HAN'1. Acetylene is a potential monooxygenase inhibitor.

Electron Growth Additional Additional
acceptor  substrate® substrate® (CoHL)®

Growth®

Short Long
term® term'

Acetylene-inhibition of growth with alkanes by with strain HAN1

NOs~ no substrate + _ _
NO;~ n-tetradecane + _ +
NO3~ n-tetradecane tetradecanoate + + +
NO;s~ tetradecanoate + + +
O, no substrate + - -
O n-tetradecane + (+) +
(O] n-tetradecane tetradecanoate + + +
0O, tetradecanoate + + +

Tests with strain OcN1 for comparison

NOs~ 5% n-octane in HMN + - n.d.
NOs~ 5% n-octane in HMN  hexanoate + + +
NO3” 5% n-octane in HMN : + +
O, 5% n-octane in HVIN + + +
0O, 5% n-octane in HMN  hexanoate + + +
O, 5% n-octane in HMN - + +

N>O-reductase inhibition by acetylene (strain HAN1 )

NOs;~, N,O pentanoate + + +
N-.O pentanoate + - n.d.
N.O pentanoate . + +
NO;™, N,O tetradecanoate + + +
N.O tetradecanoate + - n.d.
N2O tetradecanoate - + +

a If not indicated otherwise, the substrates were added in their pure form. Amounts were: Liquid
hydrocarbons ~10 pl, tetradecanoate 1 mmol I’1, pentanoate 3 mmol I’1, hexanoate 3 mmol I
b The same amounts of additional substrate and growth substrate were typically added.

c Acetylene (CoH.) was added as gas saturated water to make up 10% of the final volume.

d Growth was assessed as obvious turbidity indicated as: + obvious growth, (+) little growth, —
absence of growth, n.d. not determined.

e Short term was 4 to 7 days.

f Long term was more than 7 days.
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E.2  Media additional to those described by Widdel and Bak (1992)

Table E8. Composition of phosphate buft-

ered nitrate reducer medium (PNM).

ing I""
KH,POQO, (for 30 mM) 1.5
KzHPO, (for 30 mM) 3.36
NH,CL 0.3
autoclave

[in ml17"]
MgSO, - 7 H,O (400 g I")? 1
CaCl,- 2H,0(75g 1)’ 1
Trace elements (chelated) 1
Se/Wo 1
5-Vitamine-Mix 1
Vitamine By» 1
add 1 M HCl to [in ml17"]
adjust pH t0 6.8-7.2 3.25

a20gMgSO, -7 H,O (400 g I_1) for 50 ml stock.
b3.75gCaCl,-2H,0 (75 g I_1) for 50 ml stock.

Table E9. Composition of brackish medium.

[ing "]
NaCl 10.0
CaCl, - 2 H,O 0.5
KH,PO, 0.5
H.O (add to a final vol. of) 950 ml
autoclave

[inml "]
Trace elements (chelated) 1
Se/Wo 1
5-Vitamine-Mix 1
Vitamine B, 1

adjust pH t0 6.8-7.2
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Table E10. Composition of medium for agar

plates for cultivation of strain HANI.

ing I
NH,CI 0.3
CaCl, 0.1
H,O 929.9
autoclave

[in ml 1]
1 M HCI 8
MgSO, (7.5 g per 50 ml) 6.67
1 M KH,PO, 8.22
1 M K;HPO, 32.2
1 M NaNO; 10
Trace elements 1
Se/Wo 1
5-Vitamine-Mix 1
Thiamine 1
Vitamine By» 1

adjust pH 10 6.8-7.2

Substrates for purity-control plates:
Yeast extract 259
0.5 M pentanoate 8 ml

Preparation: To prepare agar plates, autoclave in two different bottles: A) Agar (15.0 g) + H,O (500 ml) B) Solu-
tion of NH,4Cl, CaCl, (see above) + H,O (429,9 ml) Keep agar liquid at ~55°C and let salt solution cool to room

temperature before addition of supplements (see above). After addition of all components, slowly and carefully

pour salt solution into hot agar solution. Avoid bubble formation. Mix by gentle horizontal agitation. Pour plates.
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E.3  Preparation of 5N labeled nitric oxide

Labelled NO (water containing a mixture of '*N- and "N-NO; 50:50, w/w) was prepared
(from H,SO4, FeSO4 and NaNO,) with a setup different to the one used for “N-NO produc-
tion to minimize the use of ’N- NO,™ for economic reasons: To an anoxic mixture of 195 mg
FeSO4 and 670 ul H,SO4 (25%) in a 4.5 ml glass tube, closed with a butyl rubber stopper, 500
ul of anoxic NaNO, (100 mg ml™") was added. About 6 ml of the NO gas liberated by gentle
mixing was captured in a 10 ml syringe and injected into a 10 ml rubber stoppered glass-tube,
completely filled with anoxic (helium saturated) water. A thin needle was also inserted in the
septum, releasing liquid — establishing a slight overpressure in the tube, to gain an equal or
slightly higher NO concentration than at NO-saturation under ambient pressure. The actual

concentration has to be determined experimentally. The detailed preparation protocol was:

Material:

~195 mg Fe"sO, =(,7 mmol
670 ul HSO4 (25%=3,0 M) =1 mmol
100 mg NaNO, (yielding at max. 17,1 ml NO) =(,7 mmol

4-5 ml Hungate-Tube (with septum & lid)

1 ml syringe

10 ml syringe

10 ml Hungate-Tube (headspace-free filled with anoxic water)
Reagent tube with 10 ml KMnO, (0,4 M), NaOH (0,12 M)

NaOH (Pellets) in syringe top piece to bind possibly produced NO, gas

Preparation:
Weigh 195 mg Fe"'SO, and transfer into 4-5 ml Hungate-Tube

Add 2140 pl HyOp,

Add 670 pl H,SO4 (the 25% H,SO4 has a concentration of roughly 3 M)

Close with septum and lid. Use long needle (reaching to the bottom of the vessel) and a short needle
(attached to a tube leading into the KMnQO,-solution) to remove all oxygen. Flush (bubble) for at least
15 min with N, (or He).

Weigh 100 mg NaNO2 and transfer into a new 4 ml Hungate Tube

Add 900 pl HyOp,
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Use long needle (reaching to the bottom of the vessel) and a short needle (as the outlet) to remove all
oxygen. Flush (bubble) for at least 15 min with N, (or He or Ar). Take up 500 pl of the solution into a
N,-flushed 1 ml syringe and stick the needle into the septum of the FeSO,4, H,SO, tube. Very slowly
and with breaks (for gentle horizontal shaking) add the 500 ul NaNO,.

After addition of about 250 ul NaNO; close the tube to the KMnQ, and take up 2-3 ml of the produced
NO (the produced gas pushes the plunger up with a little help over the initial resistance). Flush the
syringe 3 times (2-3 ml) with the produced NO, so that the dead volume is completely filled with NO
(open tube to KMnO, each time before pressing the plunger). Then withdraw 6 ml of NO (let the pro-
duced NO move the plunger up). Open the outlet tube to avoid overpressure and stick the needle as
quickly as possible into the Hungate-Tube with the anoxic water. Use a small needle to release over-
pressure (let anoxic water flow out) during injection of NO gas and for a while afterwards. Draw out
syringe with NO first and afterwards the outlet-needle to keep the pressure balanced with atmospheric
pressure. For extensive NO-saturation of the anoxic water shake or vortex the tube vigorously. Possi-
bly incubate over night for maximal dissolution of the NO. The actual concentration of NO has to be

determined experimentally, e.g. with help of an NO microsensor.

Anoxic 10 ml syringe
to catch the produced NO

\

Screw clamp

1 ml syringe with

Butyl
0.5 ml anoxic NaNO, utyl rubber tube

Butyl septum

Open reaction tube with
0.4 M KMnO,

0.12 M NaOH

Hungate tube with
Fe''so,, H,S0,

Empty hungate tube
(4-5 ml volume)

Fig. E14. Setup for ’N-NO production in small volumes.
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E.4  Further details on applied methods

E.4.1 The HdN1-specific oligonucleotide probe for whole cell hybridizations (FISH)

A 5’ fluorescence (Cy3) labeled oligonucleotide probe specific for the HIN1 16S rRNA was
designed using the ARB software package, which had a minimum number of four mismatches
with all other species in the ARB database (SSU Ref NR 96, Oct 2008; Ludwig et al., 2004;
Pruesse et al., 2007). The probe has the sequence 5’-TTC CTG CGC TAT CCT CAC-3’ and
binds at the E. coli position 112 to 16S rRNA of the ribosome. For whole cell hybridizations
(also called fluorescence in situ hybridizations, FISH) 60% formamide concentrations were

applied.

E.4.2 Comparative genomics

1493  completely  sequenced  bacterial genomes  were downloaded  from
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/all.gbk.tar.gz in September 2010. From a nonredun-
dant set of these genome sequences (794, only a single genome per genus) a blast database
was created with translations of all open reading frames encoding a protein of at least 50 ami-
noacids long. Protein sequences of all predicted open reading frames of Gammaproteobacte-
rium strain HAN1 were blasted into this database with an evalue cutoff of 1e-10. Only the best
20 hits were kept. Open reading frames with a protein of Candidatus Methylomirabilis among

the eight best blast hits were further inspected manually.

E.4.3 Gene analysis.

1962 full length aminoacid sequences of heme-copper oxidases (CCD206949) from se-
quenced genomes were obtained with text and homology searches from genbank in April
2012. The sequences were clustered with uclust (Edgar, 2010) at 70% aminoacid identity and
from each cluster a single representative sequence was used for further analysis (536 se-
quences total). Representative sequences were aligned with MAFFT (Katoh et al., 2002) and
a phylogenetic tree based on an approximate maximum likelyhood algorithm was created with
FastTree2 (Price ef al., 2010). All sequences (112) belonging to the phylogenetic clade that
contained the canonical nitric oxide reductases (encoded by norB and norZ) were extracted
from the tree, realigned more precisely (MAFFT, --maxiterate 1000 option), and the align-

ment was inspected manually with JalView (Waterhouse et al., 2009). Before treeing a 10%
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conservation filter was applied to the alignment, reducing the alignment from 1473 to 755
columns (the most conserved ones). Again, a phylogenetic tree was created with FastTree2
and gamma20 likelihoods were used to estimate the robustness of bifurcations (instead of

“bootstrap” values, Price ef al., 2010).

E.4.4 Membrane inlet mass spectrometry (MIMS)

The MIMS-setup consists of a gas-tight glass container connected to a membrane-inlet for
mass spectrometrical analysis. It had been used before to study anaerobic methane oxidation
coupled to NO; reduction (Ettwig et al., 2010). A liquid sample is pumped constantly from
the lower part (the “reactor”) to the membrane-inlet via gas tight tubing by a peristaltic pump
at ~0.7 ml/min. When the pumped liquid reaches the silicone membrane, volatile non-ionic
compounds are degassed and transported to the quadrupole mass spectrometer (GAM 200,
InProcess Instruments, Bremen, Germany) for analysis, passing a cold-trap (~ —19°C) for wa-
ter vapor. The reaction chamber (perpetually mixed by a glass-coated stir bar) is connected to
a liquid reservoir above, coupled to a constant flow of helium (“helium-line”’) ensuring that
volume-loss to the pump is always balanced and no air is drawn into the setup. Since the con-
nection to this upper part is a thin tube (3-5 mm x 115 mm), which impedes mixing, the vol-
ume in this chamber (370-380 ml, dependent on applied stoppers) is assumed to be constant
for calculation of concentrations. Butyl-stopper closed openings on the sides allow addition of
solutes using syringes flushed with an inert gas and insertion of microsensors via holes with
matching diameters for gas-tight sealing. While such sensors measure directly in the reactor,

the MIMS detects changes in the liquid volume only after a short transportation delay.
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Mass
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Fig. E15. MIMS setup for real-time analyses of volatile compounds dissolved in the culture liquid.
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Table E11. Identities of some relative molecular masses (M,) potentially detected in biological MIMS samples.

M, Possible identity M, Possible identity

4 Helium 40  “Argon

16  Methane (CH,) 41

18 H,'0 42 Propylene (C;Hy)

20 H,"0,D,'*0 43

21 44  WIN,10, 12C11%0,, Propane (C;H)
22 45 14,15N2160’ 13C16.1602

IS,ISNZI(-,O’ 14,14N2180’ 14Nlh.1602, IZCIS,ISOZ

23 46  EtOH (C,H0)

24 47

25 48 15'15N2180, 14N16,1802’ IZCIS.ISO2

26  Acetylene (C,H,) 49 B8O,

27  Cyanide (HCN) 50 “N'S10,

28 N, Ethylene (C,H,) 51  BN'®BQ,

29 BN, 52

30 '3PN,, “N'0, Ethane (C,Hg) 53

31 N0 54

32 810, “N™0, H,S, Hydrazine, (**'*N,H,), Methanol (CH;OH) 55

33 N™O0, Hydrazine (**'*N,Hy) 56

34 %180, Hydrazine (‘*"*N,H,), Hydroxylamine (H;'*NO) 57

35  Hydroxylamine (H;"*NO) 58  Propylene-oxide (C;H,'®0), Butane (C,H0)
36 810, *Ar, Hydroxylamine (H;'*N'*0) 59

37 60  Propylene-oxide (C;Hq'*0)

38 61

39 62

E.4.5 Epoxide assay

Two ml of phosphate buffered medium with only 2 ul of n-tetradecane as substrate were filled

into reagent tubes (or 15 ml Hungate tubes for anaerobic cultivation) and inoculated with

0.02 ml inoculum from alkane grown HdNT1 cultures. Approximately after 2 days (5 days dur-

ing anaerobic cultivation) of incubation at 28°C in the dark, when the cultures had grown to a

high density, 1 ul of 1-tetradecene was added and mixed with the aqueous phase by horizontal

agitation. After one hour (four hours under anaerobic conditions), the cultures were extracted

three times with 1.5 ml diethyl ether. The ether fractions were pooled in fresh glass vials

equipped with teflon screw cap and evaporated to dryness in a rotary vacuum evaporator (Ep-

pendorf, Hamburg, Germany). Extracts were re-dissolved in ~100 ul diethyl ether and ana-

lyzed on a TRACE GCMS (ThermoFisher, Waltham, USA).
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